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ABSTRACT 
Metal-organic materials (MOMs) represent a unique class of porous materials that captured a 
great scientific interest in various fields such as chemical engineering, physics and materials science. 
They are typically assembled from metal ions or metal clusters connected by multifunctional organic 
ligands. They represent a wide range of families of materials that varied from 0D to 3D networks: the 
discrete (0D) structures exemplified by metal-organic polyhedra (MOPs), cubes and nanoballs while the 
polymeric 1D, 2D and 3D structures exemplified by coordination polymers (CPs). Indeed, the porous 
3D structures include metal-organic frameworks (MOFs), porous coordination polymers (PCPs) and 
porous coordination networks (PCNs). Nevertheless, MOMs are long and well-known from more than 
50 years ago as exemplified by CPs that were firstly introduced in early 1960s and reviewed in 1964. 
However, the scientific interest toward MOMs has been enormously grown only since late 1990s, with 
the discovery of MOMs with novel properties, especially the high permanent porosity as exemplified by 
MOF-5 and HKUST-1. The inherent tunability of MOMs from the de novo design to the post-synthetic 
modification along with their robustness, afford numerous important families of nets “platforms” such 
as pcu, dia, tbo, mtn and rht topology networks. 
There are more than 20,000 crystal structures of MOMs in the Cambridge Structure Database 
(CSD). However, only a few of the networks can be regarded as families or platforms where the 
structure is robust, fine-tunable and inherently modular. Such robustness and inherent modularity of the 
platforms allow the bottom-up control over the structure “form comes before function” which 
subsequently facilitates the systematic study of structure/function in hitherto unprecedented way 
compared with the traditional screening approaches that are commonly used in materials science. In this 
  
xix 
 
context, we present the crystal engineering of two MOM platforms; dia and novel fsc platforms as well 
we introduce the novel two-step synthetic approach using trigonal prismatic clusters to build multinodal 
2D and 3D MOM platforms.  
For the dia platform, we introduce a novel strategy to control over the level of the 
interpenetration of dia topology nets via solvent-template control and study the impact of the resulting 
different pore sizes on the squeezing of CH4, CO2 and H2 gases. New benchmark material for methane 
isosteric heat of adsorption was produced from this novel work.  
Indeed we introduce the crystal engineering of a novel versatile 4,6-c fsc platform that is formed 
from linking two of the longest known and most widely studied MBBs: the square planar MBB 
[Cu(AN)4]
2+
( AN = aromatic nitrogen donor) and square paddlewheel MBB [Cu2(CO2R)4] that are 
connected by five different linkers with different length, L1-L5. The resulting square grid nets formed 
from alternating [Cu(AN)4]
2+
 and [Cu2(CO2R)4] moieties are pillared at the axial sites of the 
[Cu(AN)4]
2+
 MBBs with dianionic pillars to form neutral 3D 4,6-connected fsc (four, six type c) nets. 
Pore size control in this family of fsc nets was exerted by varying the length of the linker ligand whereas 
pore chemistry was implemented by unsaturated metal centers (UMCs) and the use of either inorganic 
or organic pillars. 1,5-naphthalenedisulfonate (NDS) anions pillar in an angular fashion to afford fsc-1-
NDS, fsc-2-NDS, fsc-3-NDS, fsc-4-NDS and fsc-5-NDS from L1-L5, respectively. Experimental CO2 
sorption studies revealed higher isosteric heat of adsorption (Qst) for the compound with the smaller 
pore size (fsc-1-NDS). Computational studies revealed that there is higher CO2 occupancy about the 
UMCs in fsc-1-NDS compared to other extended variants that were synthesized with NDS. SiF6
2-
 
(SIFSIX) anions in fsc-2-SIFSIX form linear pillars that result in eclipse [Cu2(CO2R)4] moieties at a 
distance of just 5.86 Å. The space between the [Cu2(CO2R)4] moieties is a strong CO2 binding site that 
  
xx 
 
can be regarded as being an example of a single-molecule trap; this finding has been supported by 
modeling studies. 
Furthermore, we present herein the implementation of the two-step synthetic approach for the 
construction of novel multinodal MOM platforms, using the trigonal prism cluster [M3(µ3-O)(RCO2)6] 
as a precursor to build novel stable multinodal 2D and 3D frameworks. In the first step, the bifunctional 
carboxylate ligands are reacted with Fe
+3
 or Cr
+3
 salts to isolate highly symmetrical decorated trigonal 
prismatic clusters with diverse decoration such as pyridine, amine and cyano coordinating functional 
groups using pyridine carboxylate, amino carboxylate, cyano carboxylate type ligands, respectively. 
Afterward, the isolated highly soluble trigonal prismatic salts were reacted in the second step with 
another metal that can act as node or linker to connect the discrete trigonal prismatic clusters to build 2D 
or 3D networks. Indeed, we were able to develop another novel high-symmetry Cu cluster [Cu3(µ3-
Cl)(RNH2)6Cl6] by utilizing CuCl2 salt and amine decorated trigonal prismatic cluster. Two novel 3D 
water stable frameworks with acs and stp topologies have been afforded. 
Our work on the crystal engineering design and synthesis of new MOM platforms offer an 
exceptional level of control over the resulting structure including; the resulting topology, pore size, pore 
chemistry and thereby enable the control over the resulting  physicochemical properties in a manner that 
facilitates the achieving of the desired properties. 
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CHAPTER ONE: 
Introduction 
 
Porous Materials 
Porous materials such as zeolites,
1
 porous activated carbons,
2-4
 covalent organic frameworks (COFs),
5
 
metal-organic materials (MOMs)
6-8
 and porous coordination polymers (PCPs)
8
 have been attracted 
potential scientific interests in chemical engineering, physics and materials science, thanks to their 
applications.
9-14
 Zeolites are purely inorganic crystalline materials built from tetrahedral nodes (e.g. 
AlO4, SiO4) and represent one of the oldest and biggest class of porous materials.
15,16
 The scientific 
interest for the design and synthesis of porous zeolites has been rapidly grown due to their remarkable 
properties such as the cheap and facile synthesis, the high thermal and chemical stability that empower 
them to rapidly invade the industry and became one of the most broadly used porous materials for 
numerous applications. However their low surface area and the lack of the diverse functionality, since 
they are purely inorganic metal oxides, increased the demand for developing other families of porous 
materials. Porous activated carbons and covalent organic frameworks (COFs) are shown much higher 
surface area than the zeolites. However, the first have topsy-turvy structures with disordered pore 
geometry and pore volume,
4,17,18
 while the later are synthesized under tough conditions with expensive 
starting materials, in addition to the lack of the diversity in the structure functionality as they are mainly 
organic materials.
5,19
 Owing to the extensive need for novel porous materials that carry the advantages 
of the zeolites as inorganic materials as well the high surface area of the porous organic polymers, 
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extensive scientific interests were focused on the porous coordination polymer as a promising class of 
porous materials.  
 
Coordination Polymers (CPs) 
The term “coordination polymers” was firstly introduced in early 1960s and reviewed in 
1964.
8,20
 Their backbones are constructed from metal ions (inorganic) cross-linked through coordinate 
bonds by multifunctional organic ligands (organic). According to the coordination number of the metal 
and/or the connectivity of the ligands, the structures of the CPs can be varied from infinite 1D polymeric 
structure to 3D networks. The earliest examples of CPs are built from cyano ligands as linkers as 
exemplified by Prussian blues
21-23
 and Hofmann clathrates.
23-25
 These CPs had the capability to 
reversibly adsorb small guest molecules. Nevertheless an earlier example of porous CPs of Cu dia 
network was reported but without characterization of the adsorption behavior.
26
 The anion exchange is 
one of the first reported properties for the porous CPs coined by Robson and coworkers,
27
 then in the 
1994 the catalytic properties were reported by Fujita and coworkers,
28
 shortly afterward the adsorption 
of small solvent guest molecules in CPs was reported in 1995 by Yaghi
29
 and Moore.
30
 Subsequently the 
gas adsorption studies of small gas molecules reported in  1997 by Kitagawa’s group31 and in 1998 by 
Yaghi.
32
 Since then the gas sorption studies of porous CPs have significantly grown, especially after 
1999 when the high permanent porosity of CPs was proven as exemplified by MOF-5
33
 and HKUST-
1.
34
 The IUPAC task group Coordination Polymers and Metal Organic Frameworks provided guidelines 
for the terminology and nomenclature of porous materials
35
 since there are several terminologies were 
introduced to the field of porous materials that could lead to unreasonable misunderstanding. Metal-
organic frameworks (MOFs),
7
 introduced by Yaghi’s group represent the coordination networks in 
which all linkers are organic and have potential voids, while porous coordination networks (PCNs)
36 
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were presented by Zhou’s group, porous coordination polymers (PCPs) were introduced by Kitagawa’s 
group,
8
 and metal-organic materials (MOMs) was introduced by Zaworotko’s group6-8,37,38, which 
represent a wider class of materials that varied from 0D to 3D including the aforementioned classes (see 
Scheme 1.1). 
 
Metal-Organic Materials (MOMs) 
The term “Metal-Organic Materials” (MOMs) represents a novel class of porous materials that 
have been attracted a great scientific interest and intensively studied over the last two decades.
6-8
 MOMs 
can be defined as multicomponent materials that are comprised of metal or metal cluster (node) cross-
linked with multifunctional organic ligand (linker or spacer). It can be varied from 0D structures such as 
metal-organic polyhedra (MOPs)
39
 and nanoballs,
40
 to 3D structures as exemplified by metal-organic 
frameworks (MOFs),
7
 porous coordination polymers (PCPs)
8
 and porous coordination networks 
(PCNs).
36
 Several characteristic features make MOMs remarkable over the other porous materials (e.g. 
Zeolites are purely inorganic, covalent organic frameworks are purely organic) such as their inherent 
structure modularity, extra-high surface area and amenability to fine-tuning the properties through the 
well-established crystal engineering and self-assembly strategies.
6-8,13,33,41-48
 Additionally, MOMs have 
been exploited in several potential applications
49
 such as gas purification and storage,
11,12
 catalysis,
13
 
small molecule separations,
31
 chemical sensing,
50,51
 drug delivery,
14
 magnetism
10 
and conductivity.
52 
Nonetheless, coordination polymers (CPs) are well Known from more than 50 years ago and the crystal 
engineering from over 40 years ago. However MOMs only started to gain particular interest from early 
1990s, especially when their permanent porosity have been proven as exemplified by MOF-2
32
 and the 
high surface area exemplified by HKUST-1
34
 and MOF-5.
33
 By that time, the concepts of crystal 
engineering and self-assembly for the design and synthesis of MOMs were popularized and 
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tremendously grown, that devoted to the seek for the control over the structure/function relationship in 
order to develop material that can attain the desired function. 
 
 
 
Scheme 1.1. Schematic representation of metal-organic materials MOMs and their subclasses.  
 
Crystal Engineering 
Crystal engineering can be defined as the effect of molecular structure on the physicochemical 
properties, or it is the design and synthesis of functional materials with desired properties: “Materials by 
Design”.6-8,13,33,41-48 The term “crystal engineering” was first presented by Schmidt in 1971,53,54 although 
he referred to organic solid state, his work clearly elucidated the inherent relation between the crystal 
engineering approaches and supramolecular chemistry (chemistry beyond the molecule)
44
 as well the 
supramolecular assemblies.
6,46
 Noteworthy the work published by Desiraju
41-45
 and a review published 
by Zaworotko and coworkers
6
 depicted the development of crystal engineering approach and its impact 
on the crystal structure, crystal packing and physicochemical properties. Indeed they further elucidate 
the difference between the crystal engineering approach and other approaches such as structure 
prediction and self-assembly. The crystal engineering deals with the prediction of the connectivity of the 
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networks most likely for the new phases based on supramolecular self-assemblies approaches, but with 
less exact prediction compared with the structure prediction that predict the precise details of the  crystal 
structure such as the unit cell, space group and crystal packing information. The self-assembly process 
represents the one-step reaction process in which the self-complementary functional groups of the 
molecular subunits govern the supramolecular arrangement of the supramolecular building blocks into 
ordered superstructure.  
 
Topology 
A useful way to describe or design crystal structures is in the term of networks, where the crystal 
structure can be reduced to a network of nodes and linkers or spacers based on node and spacer principle 
that is firstly introduced by A. F. Wells
55
 and further delineated and elucidated by Robson.
56
 Usually the 
nodes represent the metal ions or clusters while the linkers are the ligands. Understanding the possible 
connectivity and geometry of different nodes can lead to design network with predictable topology or 
structure connectivity. The term “Topology” is known more than 150 years ago and can be defined as “a 
branch of mathematics concerned with those properties of figures and surfaces which are independent 
of size and shape and are unchanged by any deformation that is continuous, neither creating new points 
nor fusing existing ones; hence with those of abstract spaces that are invariant under homomorphic 
transformations”.57 TOPOS5 program is the most popular topological program that used for the analysis 
of the network connectivity. In order to run the analysis, TOPOS simplifies the connectivity of the 
network into nodes that could represent a single metal or simplified metal cluster. Based on the number 
of different nodes in the resulting simplified net, it can be classified as uninodal when the resulting net 
has only one kind of nodes, binodal if the resulting net is composed of two different kinds of nodes, 
trinodal if it consists of three different nodes, and so on. Typically, the RCSR
59,60
 assigns the nets that 
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with the same topology three-letter code in order to classify the different networks that have different 
connectivity. These three-letter codes are characteristically acronyms for parent structures
61
 that already 
exist for examples dia is acronym for diamondoid
62
 and pcu acronym for primitive cubic.
33
 Sometimes 
the three-letter code is named after the person who firstly reported this structure such as mmo named 
after Mona Mohamed, who firstly reported new self-catenated 6-connected net.
63
 Also these three-letter 
codes occasionally represent the nature of the molecular building blocks (MBBs) such as rht for 
rhombicuboctahedra and triangles MBBs.
64
 The topological analysis of the networks plays a vital role in 
the crystal engineering of the underlying nets since there are tens of thousands of known nets are 
reported on the Cambridge Structure Database (CSD).
65
 The designing of a new network or even an 
existing network is mainly based on the manner of connectivity between different or similar nodes. 
Therefore, it is crucial to understand the possible connectivity of different geometries as well feed the 
database with new topologies that implement the crystal engineering design of new related families of 
materials also serving in the network prediction. 
  
Interpenetration, Self-Catenation, Interdigitation and Intercalation 
Crystal structures tend to abhor the free space. Therefore they tend to maximize the 
packing efficiency of the crystal structure via several phenomena such as interpenetration, self-
catenation, interdigitation and intercalation.
66,67
 All interpenetrating network structures can be 
regarded as infinite, ordered polycatenanes or polyrotaxanes.
65,66
 One of their characteristic 
features is the repeated, orderly appearance of rings belonging to one framework or chain, 
through which independent components are inseparably entangled. Where the interpenetrated 
nets are entangled without direct contact, although there is no direct connection between the 
entangled nets, but they cannot be isolated without breaking the network connection. 
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Interpenetration mitigates the free volume and increases the density, however, the existence of 
interpenetration is not necessarily deleterious,
68,69
 and it remains a challenge to control over the 
interpenetration of those MOMs that are topologically amenable to interpenetration. In the case 
of the self-catenation, the edges of the same net are entangled (see Figure 1.1). Interdigitation is 
a common phenomenon in surfactant systems (e.g. micelles, bilayers, vesicles), while the 
intercalation represents the incorporation of a foreign atom into a crystal lattice. 
 
Figure 1.1. a) 4 fold interpenetrated dia network. b) Self-catenated mmo network. 
 
Controlling over the Interpenetration Level in MOMs 
pcu and dia are the most common topological nets that possess high tendency toward 
interpenetration, which subsequently leads to reducing pore space and increase the density of the 
material. Therefore, control over the interpenetration of these nets attracted the scientific interest in 
order to improve the porosity and optimize the pore space. Different strategies have been used in order 
to control over the level of interpretation such as changing the reaction conditions (e.g. concentration, 
temperature), linker modification, template effect (e.g. ion, solvent).
69-71
 Since the interpenetration 
represents the nature tendency of the crystal structure to maximize the packing efficiency, therefore, 
slowing down the reaction using mild conditions such as low concentrations of starting materials or low 
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temperature usually lead to lower the interpenetration potential.
70
 The utilization of guest molecules 
during the synthesis such as solvents or ions, effect on the packing of the crystal structure,
69
 whereby 
using solvents with different bulkiness can control in the interpenetration level based upon the size of 
the solvent molecules as it will be explained in chapter 2. 
  
 
MOM Platforms and Default Nets 
Although, there are more than 20,000 crystal structures of MOMs in the Cambridge Structure 
Database (CSD),65 however only a few of them can be regarded as  families or platforms where the 
structure is robust, fine-tunable and highly modular. The custom design, synthesis and studies of MOM 
platforms, regard as crucial steps for fine-tuning the next generations of MOMs. Since the robustness 
and the inherent modularity of MOM platforms allow the bottom-up control over the structure “form 
comes before function” which subsequently facilitates the systematic study of structure/function in 
hitherto unprecedented way compared with the traditional screening approaches that are commonly used 
in materials science. The topologies of the prototypal MOM networks can serve as blueprints for the 
custom design of new families or platforms based upon the same topology and judicious selection of 
molecular building blocks (MBBs) that allow the fine-tuning of both pore size and pore chemistry.71 
Notable examples of MOM platforms include those based upon the pcu,33 dia,73 tbo,34 mtn74 and rht64 
topologies. Despite there are being as many as thousands of reported MOMs and a much greater range 
of permutations of molecular building blocks yet to be investigated, most MOMs would not be 
considered to be members of platforms. Herein we present the crystal engineering of two MOM 
platforms; dia and novel fsc platforms as well we introduce the novel two-step synthetic approach using 
trigonal prismatic clusters to build multinodal 2D and 3D MOM platforms. 
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dia Platform 
Diamondoid net is uninodal net consists of tetrahedral nodes, which could be anionic, cationic or 
neutral net based on the nature of the linkers. The dia nets represent one of the earliest and most widely 
studied classes of MOMs. From the structure perspective, dia net is one of the oldest known topological 
net as exemplified by the structure of ice, KH2PO4(KDP) and zinc cyanide, these structures were 
determined as dia topology nets over half a century ago,
62
 even before the term of the crystal 
engineering introduced in 1971 by Schmidt.
75
 The structures of ice and KDP have long been understood 
until 1988 when the organic molecules with diamondoid frameworks were first characterized.
76,77
 The 
simplest building unit of the dia net is called adamantane unit where the single net can be represented 
by connecting the adamantane units together to form cyclohexane-like windows. Whereas the 
independent interpenetrated nets are entangled by such a manner that every tetrahedral node is located 
in the center of the adamantane cage of the other adjacent nets, each net grows independently and 
entangles with the other net without direct connection to form n-number of independent nets which have 
been called by Robson as n-folds of interpenetration that refers to the number of grown independent nets 
within the structure
66
 (see Scheme 1.2).  
Despite the fact that the dia platform represents one of the earliest and widely studied classes of 
MOMs from the structural perspective, it is not well studied in terms of the gas adsorption. This is 
presumably because dia nets tend to exhibit interpenetration, which militates against high surface area 
and increases the density. In chapter 2 we will introduce a new strategy to control over the level of the 
interpenetration of dia platform, and how we can use the interpenetration as positive criteria of dia 
networks to fine-tune the pore size for selective gas capture and storage applications. 
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Scheme 1.2. Schematic representation of the assembly of dia net (top), representation of the interpentration folds in 
dia networks (bottom). 
 
Pillared Square Grid Platforms 
2D square grids represent the most commonly reported examples of 2D coordination polymers. 
They are sustained by the reaction of bifunctional ligands with metal in 2:1 ratio. They were firstly 
reported using cyano ligands,
21,23,27
 then they vastly developed using other linkers such as pyrazine,
78
 
bipyridine
79 
and extended bipyridine analogues,
28,38,79
 in order to control over the internal structure 
cavity diameters. 2D grids could be either neutral based on dicarboxylate linkers and square 
paddlewheel MBBs as exemplified by the 2D MOF-2 net,
32
  or cationic grids based on bipyridyl-based 
linkers and square planar MBBs as exemplified by [Zn(bipy)2(H2O)2]nSiF6.
79
 The latter is considered as 
the prototypal example of square grid nets. The axial-to-axial pillaring of the pre-mentioned  2D square 
grids via the connection of the unsaturated metal centers (UMCs) to build up porous 3D nets have 
attracted the scientific interest since 1995.
80 
The amenability of these platforms for the systematic 
control over the pore size and pore functionality is facilitated via the modulation of the metal, pillar 
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and/or linker.
38
 The pillaring of the neutral paddlewheel square grid lattice can be conducted via linking 
of the UMCs of the paddlewheel moieties by neutral ligands such as 4,4'-bipyridine and 1,4-
diazabicyclo[2.2.2]octane to generate neutral pcu nets as exemplified by DMOF-1,
81
 however this 
pillaring is limited to neutral organic pillars. In contrast, the cationic square grid lattice has the motive to 
be self-assembled by much wider range of anionic pillars (linear or angular) via cross-linking of the 
unsaturated cationic metal nodes to form neutral pcu
80
 or mmo
63
 topology networks. 
 
 
Figure 1.2. a) 2D neutral square paddlewheel based grid, b) 2D cationic square grid, c) 2D cationic square paddlewheel grid; 
the hybrid version of a) and b). 
 
In chapter 3 we will present a new class of pillared square grid MOMs that are combining all the 
advantages of existing pillared grids, as well the UMCs.
82
 They represent a hybrid version of the pre-
mentioned grids since they are composed of neutral square paddlewheel MBBs [Cu2(CO2R)4] and 
cationic square planar MBBs [Cu(NR)4]
2+
. These MBBs are in turn sustained by the reaction of Cu
+2
 
salts with various nitrogen-donor carboxylate ligands L1-L5. Since the 2D grid is cationic, therefore, it 
is amenable to cross-linking through UMCs of 4-c [Cu(NR)4]
2+ 
moieties using
 
divalent anionic pillars 
such as SiF6
2-
 or NDS
2-
 to form 3D 4,6-connected fsc nets (see Chapter 3 for more details). 
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Trigonal Prismatic MMBs: From 0D MBBs to 3D Networks 
The prototypal MOM networks based on the uninodal nets consist of single-metal ion that could 
show tetrahedral, octahedral and square planar geometries based on the nature of the metal and/or the 
linker. The resulting default nets (these nets that are commonly reported on the database, CSD) sustain 
dia,
62
 pcu
33
 and sql
28
 topologies. These uninodal networks can be considered as the first generation of 
MOMs while the second generation are represented by the metal carboxylate-based MOMs that are 
constructed from high-symmetry carboxylate metal clusters that serve as molecular building blocks 
(MBBs) such as square Cu-paddlewheel [Cu2(CO2)4], octahedral zinc acetate [Zn4(µ4-O)-(CO2)6]
 
and 
the trigonal prismatic clusters [M3(µ3-O)(RCO2)6].
72
 In term of MOMs design, the self-assembly and 
crystal engineering approaches do not deal with 3D structure only but they also deal  with the isolation 
of discrete molecular structures such as molecular squares, spheroid architectures, and most recently the 
isolation of the decorated trigonal prismatic molecular structures [M3(µ3-O)(RCO2)6].
83,84
 The utilization 
of such high-symmetry MBBs as precursors to build up new networks with controllable coordination 
environments is highly desirable from the rational crystal engineering design prospective. 
Trigonal prism cluster [M3(µ3-O)(RCO2)6] is considered as highly symmetrical MBB that can serve as a 
precursor to build novel stable networks since it is easy to be isolated as it is considered as salt, and it is 
cheap and robust MBB. Trigonal prism clusters are firstly served as MBBs in 2000.
85
 They have been 
extensively studied by Férey and coworkers where in 2002 they reported MIL-59 that showed pcu 
topology,
86
 and they reported MIL-100 and MIL-101
74,87
 in 2004 that sustained tetrahedral supercages 
of the zeolites. In 2004, Férey’s group reported MIL-88,88 and after short time Yaghi’s group reported 
MOF-235,
89
 the same net as MILL-88, and they called it the acs platform, where acs is the three-letter 
topological code of that net, named after Andrea C. Sudik.
89
 acs topology represents the linear 
connection of the trigonal prisms, therefore, acs net is considered  as uninodal 6-connected net.  
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Because of the novelty of the trigonal prismatic MBBs our group was extensively studied the 
isolation of such MBBs to use it as precursors for the synthesis of multinodal 2D and 3D frameworks 
using the two-step crystal engineering approach that is firstly introduced by our group using the trigonal 
prismatic clusters.
90
 In the first step, the bifunctional carboxylate ligands are reacted with Fe
+3
 or Cr
+3
 
salts to isolate highly symmetrical decorated trigonal prismatic clusters with diverse decoration such as 
pyridine,
90
 amine
84
 and cyano coordinating functional groups using pyridine carboxylate, amino 
carboxylate, cyano carboxylate type ligands, respectively (see Scheme 1.3). Then we used the isolated 
highly soluble trigonal prismatic salts to react in the second step with another metal that could act as 
node or linker to connect the discrete trigonal prismatic clusters to build 2D or 3D networks. By using 
CuCl2 salt and amine decorated cluster, we were able to form another novel high-symmetry Cu-cluster 
[Cu3(µ3-Cl)(RNH2)6Cl6]
84
 (see more details in Chapter 4). Indeed we were able to control over the pore 
size of the resulting MOMs via the judicious choice of the bifunctional carboxylate ligand’s length. 
Interestingly, our group was able to isolate several novel multinodal platforms through the reaction of 
the trigonal prismatic clusters with mixture of another ligands and metal salts.
83 
 
Scheme 1.3. Illustration of the isolated tp-PMBBs that used in the two-step synthesis herein. 
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CHAPTER TWO: 
Dia Platform: Control over the Level of Interpenetration in dia Topology Networks for Tuning 
CH4, CO2 and H2 Sorption Performance 
 
Note to Reader 
Portions of this chapter have been previously published in Journal of the American Chemical Society 
2014, 136, 5072; and have been reproduced with permission of the American Chemical Society. 
 
Introduction 
Natural gas, NG, which is predominantly methane, is the most abundant source of hydrocarbon 
fuel and offers several advantages over liquid and solid hydrocarbon fuels: 30-40% lower carbon 
footprint; 60-80% less smog producing pollutants; lower cost. However, the current technologies for 
storage and transportation of NG, compressed NG and liquefied NG face considerable hurdles to their 
more widespread adoption because of the challenges and costs associated with pressurization and 
cooling, respectively. In addition, NG is typically contaminated with CO2 and H2S, which should be 
reduced in concentration to “sweeten” NG prior to use. The development of technologies for natural gas 
(NG) storage/purification and carbon capture based upon porous materials has been intensely studied in 
recent years with emphasis upon zeolites,1 porous activated carbon and carbon nanotubes,2-4 covalent 
organic frameworks (COFs)5 and metal-organic materials (MOMs).6-8 The structures (especially their 
modularity) and properties (especially permanent porosity)9-11 also make MOMs a particularly attractive 
class of materials for applications beyond gas storage and separation,12 including heterogeneous 
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catalysis,13 drug delivery,14 and conductivity.15 In the context of gas storage, MOMs for hydrogen 
storage have not yet come close to DOE targets.16 In contrast, NG storage is more promising17,18 since 
there are already MOMs that meet an early DOE target for volumetric uptake of CH4 (180 cm
3/cm3 at 
298 K, 35 bar).17 The newer DOE target for volumetric CH4 uptake is 263 cm
3/cm3 (298 K, 65 bar) and 
it was recently reported that the prototypal MOMs HKUST-1 and Ni-MOF-74 exhibit CH4 uptake of 
270 and 250 cm3/cm3, respectively, at these conditions.19,20 Ni-MOF-74 outperforms HKUST-1 at lower 
pressure (<35 bar) because of its high isosteric heat of adsorption (Qst) of 21.4 kJ/mol (HKUST-1 
exhibits Qst of 17 kJ/mol). Recent studies concerning selective carbon capture in a family of MOMs 
sustained by saturated metal centers (SMCs)21,22 revealed the profound effect that pore size can impart 
upon CO2 capture performance. 
In order to further optimize performance for NG purification and storage, it is necessary to 
address both the energetics of gas sorption and surface area. Herein we address the matter of energetics 
by reporting how systematic pore size control through crystal engineering can be accomplished in 
diamondoid (dia) MOMs with saturated metal centers (SMCs). A new benchmark for the isosteric heat 
of sorption for CH4, Qst = 26.7 kJ/mol, was observed along with confirmation of the modulating effect 
of pore size. Our experimental results and accompanying theoretical studies further22 indicate that 
optimal pore size lies in the range 4-8 Å or just above the kinetic diameter of CH4 (3.8 Å).
17,23,24 MOMs 
with smaller pore size typically exhibit relatively high uptake of CH4 in the lower pressure region (1-40 
bar) because of stronger interactions between CH4 molecules and the framework (as measured by higher 
Qst values). In contrast, MOMs with large pore limiting diameters (PLDs) are better suited for higher 
pressure uptake (40-200 bar).17 The isosteric heat of adsorption, Qst, plays a critical role in CH4 storage 
applications. Hence the utilization of CH4 in vehicle operation required high Qst value at charging 
pressure and low Qst value at discharging pressure.
25 However, high Qst value of CH4 at low pressure 
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region is important for some other applications such as storing methane gas in tanks in order to reduce 
the cost, increase the storage duration time and maximize the storage capacity, CH4 purification and 
CH4 bio-filtration. Therefore, in order to generate MOMs that are optimal for such application, it is 
necessary to optimize both pore size and chemistry. In this contribution, we address the matter of pore 
size through the systematic study of a family of diamondoid (dia) networks formed by complexation of 
the ligands L1-L3 to Co(II) or Zn(II). 
 
 
Figure 2.1. The ligands (HL1-HL3) used herein for the synthesis of dia nets. 
 
Experimental Section 
All reagents were used as purchased. Solvents were purified according to standard methods and 
stored in the presence of molecular sieves. Powder X-ray diffraction (PXRD) data were recorded at 
298K on a Bruker D8 Advance X-ray diffractometer at 20 kV, 5 mA for CukR (λ = 1.5418 Å), with a 
scan speed of 0.5 s/step(6°/min) and a step size of 0.05° in 2θ. Calculated PXRD patterns were produced 
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using Powder Cell for Windows Version 2.4 (programmed by W. Kraus and G. Nolze, BAM Berlin, 
2000). Gas adsorption isotherms were measured on a Micromeritics ASAP 2020 Surface Area and 
Porosity Analyzer. 
Co(L1)2, dia-4i-1, was afforded by solvothermal reaction at 105 
0c of 0.10 mmol (0.029 g) of 
Co(NO3)2 .6H2O and 0.20 mmol (0.048 g) of HL1 in 15 ml t-butylformamide/t-butanol (2:1 ratio). Red 
needle-like crystals of dia-4i-1 were harvested after 24h (yield 40%, 0.10 g based on Co(NO3)2). Single 
crystal X-ray crystallography revealed that dia-4i-1 crystallizes in the orthorhombic space group F222 
(a=12.8020(3) Å, b=34.9232 (8) Å, c=43.7551(1) Å, V= 19562.3 Å3). TOPOS revealed four 
independent networks related by two translation vectors ([0.5, 0.5, 0] and [0.5,-0.5, 0]). Adjacent nets 
are separated through these vectors at 18.60 Å. Dia-4i-1 exhibits rectangular channels parallel to [1,0,0] 
with a PLD of 18.25 Å. The PLD values reported herein represent the accessible pore size after 
subtracting van der Waals distances, i.e. measuring the longest diagonal of the channel and subtracting 
3.5 Å for van der Waals distances. 
Co(L1)2, dia-7i-1-Co, was synthesized via the same method as that used for dia-4i-1 except 
DMF/EtOH was used as solvent. Red rod-shape crystals of dia-7i-1-Co were harvested after 24 h (yield 
62%, 0.13 g based on Co(NO3)2). Dia-7i-1-Co crystallizes in the monoclinic space group Cc with a= 
13.337 (1) Å, b= 24.979 (2) Å, c = 8.5046 (7) Å, V = 2797.56 Å3. Seven independent networks are 
interpenetrated with a translational vector corresponding to the crystallographic c axis (8.50 Å) (Figure 
2.2a). Dia-7i-1-Co exhibits narrow pores along [001] with PLDs of 5.28 Å.  
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Figure 2.2. (a), (b) Illustrations of interpenetration in class Ia nets that are related by a single translation via a full 
interpenetration vector: (a) 7-fold interpenetrated nets; (b) 4-fold-interpenetrated nets. (c) and (d), illustrations of class IIIa 
dia nets which are related by translation and non-translation symmetry operations; the four interpenetrated nets can be 
described as two sets of 2-fold nets (2+2). 
 
Zn(L1)2, dia-7i-1-Zn, is isostructural with dia-7i-1-Co and was synthesized via similar 
procedures (see Appendix A). 
Co(L1)2, dia-8i-1, was synthesized via the same reaction method as used for dia-4i-1 except 
DMA/EtOH was used as solvent. Dark red triangular crystals were isolated after 24 h (yield 54%, 0.12 g 
based on Co(NO3)2). Dia-8i-1 crystallizes in the orthorhombic space group Aba2 (a = 13.1543 (8) Å, b = 
21.7445 (11) Å, c = 8.6774 (6) Å, V = 2482.03 Å3) and exhibits 8-fold interpenetration with nets related 
by a translation vector of 11.55 Å along [0, 0.5, 0.5] and [0, 0.5,-0.5]. Dia-8i-1 exhibits pores along 
[100] with PLD of only 1.643 Å. Isostructural variants of dia-7i-1-Co and dia-8i-1 have been reported 
previously.26,27  
Co(L2)2, dia-4i-2, red needle-like crystals of dia-4i-2 were prepared by reaction of 0.10 mmol 
(0.029g) of Co(NO3)2 and 0.20 mmol (0.040g) of HL2 in 15 ml DMF at 105
0c for 24 h (yield 65%, 0.13 
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g based on Co(NO3)2). Dia-4i-2 crystallizes in the tetragonal space group P4212 with a = b = 22.6250 
(7) Å, c = 12.7634 (5) Å, V = 6533.46 Å3. 
 
Scheme 2.1. Schematic representation of the control over the level of interpenetration in dia nets achieved via solvent 
templation. 
 
Analysis using TOPOS revealed that dia-4i-2 is a class IIIa dia net with two sets of 2-fold nets 
(Figure 2.2c and 2.2d). The interpenetration vector in each set is parallel to the c axis with a relative 
displacement 11.88 Å and it can be described as a (2+2) interpenetrated diamondoid system.28 Dia-4i-2 
exhibits rectangular channels along the c axis with a PLD of 11.86 Å. 
Co(L3)2, dia-4i-3-a, was prepared by reaction of 0.10 mmol (0.029 g) of Co(NO3)2 and 0.20 
mmol(0.040 g) of HL3 in 15 ml DMF at 105 0c for 24h. Dark red rod-like crystals were isolated (yield 
60%, o.12 g based on Co(NO3)2). Dia-4i-3-a crystallizes in the tetragonal space group p4212 with a= 
b=17.4848(8) Å, c=20.2126(9) Å and V= 6179.32 Å3. It exhibits four interpenetrated nets that are 
related by two translation vectors parallel to the c axis and separated by 20.33 Å. Rectangular channels 
lie parallel to [0,0,1] direction with a PLD of 8.57Å. 
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Co(L3)2, dia-4i-3-b, was synthesized via the same reaction method as that used for dia-4i-3-a 
except DMA/EtOH was the solvent mixture. Rectangular purple crystals were isolated after 24 h (yield 
54%, 0.11 g based on Co(NO3)2). Dia-4i-3-b, crystallizes in the orthorhombic space group Pnna with a 
= 12.4892 (15) Å, b = 13.6324 (15) Å, c = 12.1687 (15) Å and V = 2071.82 Å3. TOPOS revealed that 
the interpenetration is class IIIa, the same as that exhibited by dia-4i-2. The interpenetration vector is 
parallel to the c axis with a relative displacement of 12.07 Å and the structure can be described as (2+2) 
interpenetration. The interpenetrated nets are equally separated along [010] by 6.944 (12) Å. Dia-4i-3-b 
exhibits rectangular channels along [010] with a PLD of 8.83 Å. 
Co(L3)2, dia-5i-3, was synthesized via the same reaction method as that used for dia-4i-3-a 
except EtOH was the solvent. Red triangular crystals were isolated after 24 h (yield 48%, 0.10 g based 
on Co(NO3)2). Dia-5i-3 crystallizes in the monoclinic space group Cc with a = 11.6908 (4) Å, b = 
21.0100 (6) Å, c = 8.5286 (2) Å and V = 1588.33 Å3). The structure of dia-5i-3 consists of 5-fold 
interpenetrated dia nets with a translation parallel to the crystallographic c axis of 8.34 Å. Dia-5i-3 
exhibits narrow pores parallel to [001] with PLDs of 2.7 Å (see Appendix A for full crystallographic 
details). 
 
Results and Discussion 
We selected dia nets for our study because of their amenability to design, relative ease of 
synthesis and the absence of unsaturated metal centers (UMCs). UMCs can enhance gas selectivity and 
storage capacity as exemplified by Mg/DOBDC29 (DOBDC = 2,5-dihydroxyterephthalate), the Mg 
analog of MOF-74,30 and CPO-27-Zn,31 which exhibits high CO2 storage capacity (35.2 wt% at 298K, 
1atm), high Qst (47 at zero loading) and high selectivity for CO2 over CH4 (11.5 at 1atm). However, 
there are high energy costs for activating and regenerating MOMs with UMCs, at least in part because 
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they tend to exhibit high affinity towards H2O. Further, UMCs can mask the effect of pore size. MOMs 
with SMCs rely upon weaker molecular recognition forces (physisorption) and therefore represent an 
attractive platform for directly testing the impact of pore size upon Qst. 
Several MOM families or “platforms” with SMCs have already been extensively studied in the 
context of CO2 and CH4 sorption, in particular, zeolitic imidazolate frameworks (ZIFs)
32,33 and pillared 
square grid MOMs.21 Dia nets represent a platform which has not yet been well studied in terms of gas 
adsorption despite being one of the earliest and most widely studied classes of MOMs from a structural 
perspective.34 This is presumably because dia nets tend to exhibit interpenetration,35-37 which mitigates 
against high surface area and increases density. However, there are studies which indicate that 
interpenetration in MOMs that are topologically amenable to interpenetration can be controlled.38-41  
Further, nets of general formula [Co(L)2], L= a pyridylcarboxylate ligand, can afford a rich diversity of 
pore sizes and levels of interpenetration as exemplified by the variants prepared for this study: dia-8i-1 
(8-fold interpenetration, L1); dia-5i-3 (5-fold interpenetration, L3); dia-7i-1-Co (7-fold interpenetration, 
L1); dia-7i-1-Zn (7-fold interpenetration, L1); dia-4i-3-a (4-fold interpenetration, L3); dia-4i-3-b (4-fold 
interpenetration, L3); dia-4i-2 (4-fold interpenetration, L2); dia-4i-1 (4-fold interpenetration, L1). 1D 
channels exhibiting pore limiting diameters (PLDs) of 1.64 Å, 2.90 Å, 5.28 Å, 8.57 Å, 8.83 Å, 11.86 Å 
and 18.25Å, respectively, were afforded in this family of dia nets. Notably, dia-8i-1, dia-7i-1-Co and 
dia-4i-1 are polymorphs, as are dia-4i-3-a, dia-4i-3-b and dia-5i-3. A comparison between polymorphs 
facilitates an “apple vs. apple” comparison of the effect of pore size upon gas sorption. 
Pore size control in dia nets is addressed herein through the use of two crystal engineering42 
strategies. The first approach used solvent as a template to control the level of interpenetration during 
the reaction of HL1 or HL3 with Co(NO3)2 at 105
oC, thereby affording two sets of three polymorphs: 
dia-4i-1 (4-fold), dia-7i-1-Co (7-fold) and dia-8i-1 (8-fold) from HL1 and dia-4i-3-a (4-fold), dia-4i-3-b 
  
29 
 
(4-fold) and dia-5i-3 (5-fold) from HL3. Dia-4i-1, dia-7i-1-Co and dia-8i-1 were evaluated through 
TOPOS,43,44 which revealed that the nets belong to class 1a (Figure 2.2a,2.2b).28 t-butylformamide 
afforded dia-4i-1, the polymorph with the largest void volume and PLD (18.25Å). The use of less bulky 
solvents, DMF and DMA, afforded dia-7i-1-Co and dia-8i-1, analogues with much narrower channels 
(PLDs of 5.28Å and 1.64 Å, respectively). Dia-4i-3-a, dia-4i-3-b and dia-5i-3 were also analyzed by 
TOPOS, which revealed that dia-4i-3-a, dia-4i-3-b are 4-fold interpenetrated but in different modes. 
Dia-4i-3-a exhibits class Ia interpenetration in which the nets are related by translational symmetry 
operations (Figure 2.2b) whereas dia-4i-3-b belongs to class IIIa,28 i.e. the nets are related by both 
translational and non-translational symmetry operations (Figure 2.2c, d). Dia-5i-3 exhibits 5-fold 
interpenetration and belongs to class 1a. The exploitation of DMF and DMA as solvent and template 
afforded dia-4i-3-a and dia-4i-3-b with PLD values of 8.54 Å and 8.78 Å, respectively, while EtOH, a 
less bulky solvent, afforded dia-5i-3 and much smaller pores (2.90 Å). To our knowledge, this is the first 
study that demonstrates how crystallization solvent can systematically and rationally impact the level of 
interpenetration exhibited by dia nets. Such an approach could well be generally applicable towards 
control over interpenetration. Perhaps more importantly, such control facilitates study of the impact of 
pore size upon gas sorption in polymorphs. The second approach used herein for control of pore size 
was a more traditional crystal engineering approach;45,46 the use of linker ligands of varying length. 
HL1, HL2, HL3 afforded four dia nets with the same levels of interpenetration (4-fold) and similar 
pore chemistry, dia-4i-1, dia-4i-2,dia-4i-3-b, and dia-4i-3-a, but drastically different PLDs of 18.25 Å, 
11.86 Å, 8.83 Å, and 8.57 Å, respectively. 
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Systematic Study of the Effect of Pore Size on CH4 Adsorption 
The variable PLDs of the eight dia nets detailed herein facilitated systematic evaluation of the 
effect of pore size on CH4 adsorption. The volumetric CH4 uptakes (298 K, 35 bar) in dia-7i-1-Co, dia-
4i-3-a and dia-4i-2 were observed to be 95, 93 and 153 cm3/cm3, respectively (corresponding to PLDs of 
5.28 Å, 8.57 Å and 11.86 Å, respectively). The Qst values for CH4 were calculated from adsorption data 
collected at 298K, 273K and 248K for dia-4i-3-a and dia-4i-2 using three methods: the Clausius-
Clapeyron equation, the Langmuir-Freundlich equation and the Virial equation. Selected gas adsorption 
isotherms are presented in Figure 2.3. Gas sorption isotherms for dia-7i-1-Co, the dia net that was found 
to exhibit the strongest interactions towards CH4, were collected 3 times using 3 different samples to 
ensure reproducibility. Further, the isotherms were measured over a wide range of temperatures, 298K, 
273K, 248K and 223K. Qst was calculated using the experimental sorption isotherms (see Appendix A).  
The material with the smallest PLD in this group was found to exhibit much stronger 
interactions with CH4 than those with larger pore size: Qst values of 26.7, 20.2 and 12.1 kJ/mol at low 
loading for dia-7i-1-Co, dia-4i-3-a and dia-4i-2, respectively (Figure 2.4). Interestingly, the measured 
Qst value for methane (26.7 kJ/mol) in dia-7i-1-Co, the compound with the narrowest accessible pores 
(5.28Å), is the highest value yet reported for CH4 adsorption. Indeed, the Qst value at low loading 
surpasses even that of MOMs with UMCs such as HKUST-1,19 Mg-MOF-74,17,47 Co-MOF-7417,47 and 
Ni-MOF-74,19 Mn-MOF-7417,47 Zn-MOF-74,17,47 PCN-1419 and  UTSA-2019 which exhibit Qst values of 
17, 18.5, 19.6, 21.4, 19.1, 18.3, 18.7 and 18.2 kJ/mol, respectively. This value is also higher than 
covalent organic frameworks18,48 such as COF-1, COF-5, COF-6, COF-8, COF-10, COF-102 and COF-
103, which exhibit Qst values of 17, 8.5, 19, 12, 8.5, 8.6, and 9.5 kJ/mol, respectively. Similarities in 
terms of uptake at high pressures were found in porous aromatic frameworks (PAFs) showing dia 
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topology and various degrees of interpenetration.49 This result was validated through grand canonical 
Monte Carlo (GCMC) simulation studies of CH4 adsorption in dia-7i-1-Co (see Appendix A). 
 
 
Figure 2.3. (a), (b) Volumetric CH4 uptake isotherms measured at 298K, 273K and 248K for dia-4i-2 and dia-4i-3-a 
respectively, (c) volumetric CH4 uptake isotherms measured at 298K, 273K and 248K, 223K for dia-7i-1-Co. 
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Figure 2.4. The isosteric heats of adsorption as a function of methane uptake for dia-7i-1-Co, dia-4i-3-a and dia-4i-2. 
 
The Effect of Pore Size on CO2 and H2 Adsorption 
These observations prompted us to evaluate other gases such as CO2 and H2 with the same series 
of nets and the Zn analogue of dia-7i-1-Co, dia-7i-1-Zn. Dia-4i-1and dia-4i-2 were found to exhibit CO2 
uptakes of 173 cm³/g, 168.5 cm³/g and 96 cm³/g, 105.4 cm³/g near 1 atm at 273 K and 298 K, 
respectively. The CO2 adsorption isotherms measured at 273 K and 298 K in dia-4i-3-a and dia-7i-1-Co 
are suggestive of strong affinity towards CO2 because of the relatively steep CO2 uptake in the low 
pressure regions compared to those seen for dia-4i-1 and dia-4i-2. This is also consistent with the 
smaller PLDs of dia-4i-3-a and dia-7i-1-Co promoting strong sorbent-sorbate interactions. The CO2 
uptakes of dia-4i-3-a at 1 atm were found to be 69.8 cm3/g and 90.5 cm3/g at 298 K and 273 K, 
respectively, whereas those of dia-7i-1-Co were found to be 54.8 cm3/g and 74.8 cm3/g at 298 K and 
273 K, respectively. Since dia-4i-3-a and dia-4i-3-b are isostructural with similar PLDs we selected dia-
4i-3-a for more detailed study (gas adsorption isotherms for dia-4i-3-b are presented in Appendix A). 
The Qst values for CO2 were determined using adsorption data collected at 273 K and 298 K (see 
Appendix A for full details) and revealed values for dia-7i-1-Co, dia-4i-3-a, dia-4i-2 and dia-4i-1 of 30, 
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25, 22 and 19 kJ/mol at zero loading, respectively. The CO2 Qst data further demonstrate the effect that 
pore size can impart upon the strength of sorbent/sorbate interactions (Figure 2.5). 
Dia-7i-1-Co, dia-7i-1-Zn and dia-4i-3-a were found to exhibit sharp increases in H2 uptake in the 
low pressure region when compared to those seen for dia-4i-1 and dia-4i-2 (see Appendix A for more 
details). Overall, the sorption results for CH4, CO2 and H2 reveal that small pore size enhances 
sorbent/sorbate interactions in the low pressure region. Notably, the pore chemistry of all structures 
described herein is similar or identical (for polymorphs) and the presence of SMCs eliminates the 
possibility that open metal sites can dominate sorbent-solvate interactions and thereby mask the effect of 
pore size. 
 
 
Figure 2.5. CO2 isosteric heats of adsorption (Qst) for dia-4i-1, dia-4i-2, dia-4i-3-a, dia-7i-1-Co and dia-7i-1-Zn. 
 
Conclusion 
In summary, we have demonstrated two relatively facile strategies to modulate the pore size of 
dia networks: exploitation of solvent as a template to control the level of interpenetration; the use of 
linkers with different lengths to afford nets with the same degree of interpenetration but different PLDs. 
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This has enabled a systematic study of the impact of PLD upon gas adsorption in dia nets with SMCs. 
The porous MOMs with the smallest PLD were found to exhibit the highest Qst for CH4 and CO2 and 
the highest selectivity for CO2 over N2. Whereas narrow PLD/high Qst materials might not exhibit the 
highest volumetric uptakes at higher pressures and be of utility with respect to on board vehicle storage 
of natural gas, they direct us towards defining PLDs that offer optimal physicochemical properties for 
natural gas purification and storage. 
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CHAPTER THREE: 
Crystal Engineering of a Novel Versatile 4,6-c fsc Platform with Tuned Unsaturated Metal 
Centers and Pore Functionality for Carbon Dioxide Capture. 
 
Introduction 
Crystal engineering offers unparalleled approach for design and synthesis of functional materials 
with desired properties that is contingent upon selecting molecules or ions in order to design the 
structure and thus achieve targeted properties.1-13 The crystal engineering approach has been rapidly 
grown in the last two decades parallel with the growth of the metal organic materials (MOMs) that 
regard as multicomponent materials comprised of metal or metal cluster (represents the node) cross-
linked with multifunctional organic ligand (linker or spacer).8,9,13,14  MOMs as exemplified by metal-
organic frameworks (MOFs),7 porous coordination polymers (PCPs)11 and porous coordination 
networks (PCNs),15 have been attracted the scientific interest due to their permanent porosity and their 
extra-high surface area. Their amenability to fine-tune the structure composition afford supreme control 
over the pore size, pore chemistry and thereby their physicochemical properties. Further, the inherent 
modularity of MOMs creates a diversity of structure composition which affords numerous important 
families of nets “platforms” that based upon the same topology such as pcu,8 dia,16 tbo,17 mtn18 and 
rht13,19,20 topology networks. In spite of there are thousands of reported MOMs in CSD data base21 
however, most of them are not considered as platforms. 
The two dimensional square grid nets are one of the early developed porous MOMs.22,23 They 
could be either neutral based on dicarboxylate linkers and square paddlewheel MBBs as exemplified by 
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the 2D MOF-2 net,22 or cationic based on bipyridyl-based linkers and square plannar MBBs as 
exemplified by [Zn(bipy)2(H2O)2]nSiF6.
23 The pillaring of the neutral paddlewheel square grid lattice 
can be conducted via linking the UMCs of the paddlewheel moieties by neutral ligands such as 4,4'-
bipyridine and 1,4-diazabicyclo [2.2.2]octane to generate neutral pcu nets as exemplified by DMOF-1,24 
however this pillaring is limited to neutral organic pillars. In contrast, the cationic square grid lattice has 
the motive to be self-assembled by much wider range of anionic pillars (linear or angular) via cross-
linking of the unsaturated cationic metal nodes to form neutral pcu25 or mmo10,16 topology networks. 
Interestingly, the simplicity of the prototypal nets of these platforms and their amenability to be 
sustained by different metals, linkers and pillars, allow the systematic control over the pore size and 
functionality in such a manner that is not usually existed in the other classes of porous materials. The 
gas sorption properties of the pre-mentioned platforms are mainly dependent on the pore functionalities, 
we therefore intended to design a new family of pillared square grids combining all the advantages of 
existing pillared grids, as well the UMCs26. 
In this contribution, we introduce a novel versatile platform with fsc topology (four and six 
connected net type c) that is composed from the linkage of two well-known MBBs: neutral square 
paddlewheel MBBs [Cu2(CO2R)4] and cationic square planar [Cu(NR)4]
2+ MBBs. The fsc nets are in 
turn sustained by the reaction of Cu+2 salts with various nitrogen donor-carboxylate ligands L1-L5 
(Scheme 3.1) which resulted in the formation of 2D square grid nets of alternating [Cu2(CO2R)4] and 
[Cu(NR)4]
2+ moieties. Since the 2D grid is cationic, therefore it is amenable to cross-linking through 
UMCs of 4-c [Cu(NR)4]
2+ moieties using divalent anionic pillars such as SiF6
-2 or 1,5-
naphthalenedisulfonate (NDS2-) to form 3D 4,6-connected fsc nets. The systematic control over the pore 
size and pore chemistry for this family of MOMs was exerted by linker and pillar substitution 
approaches.27,28 Six structures, fsc-1-NDS, fsc-2-NDS, fsc-3-NDS, fsc-4-NDS, fsc-5-NDS, fsc-2-
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SIFSIX, were isolated and characterized in term of the gas sorption performance. Noteworthy, the 
exploitation of SiF6
2- as linear pillar allow the alignment of the UMCs of the neighboring Cu paddle-
wheel moieties to create single molecule trap for CO2 that is rarely existed in MOMs.
29  
 
 
 
Scheme 3.1. The ligands (HL1-HL5) used herein for the isoreticular synthesis of fsc nets. 
 
Experimental Section 
All reagents were used as purchased. Solvents were purified according to standard methods and 
stored in the presence of molecular sieves. Powder X-ray diffraction (PXRD) data were recorded at 
298K on a Bruker D8 Advance X-ray diffractometer at 20 kV, 5 mA for CuKα (λ = 1.5418 Å), with a 
scan speed of 0.5 s/step(6°/min) and a step size of 0.05° in 2θ. Calculated PXRD patterns were produced 
using Powder Cell for Windows Version 2.4 (programmed by W. Kraus and G. Nolze, BAM Berlin, 
2000). Gas adsorption isotherms were measured on a Micromeritics ASAP 2020 Surface Area and 
Porosity Analyzer. 
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Synthesis of [Cu3(L1)4Cu(NDS)], fsc-1-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 
Cu(NO3)2·2 H2O, 0.40 mmol (0.049 g) of isonicotinic acid (HL1) and 0.10 mmol (0.036 g) of 1,5-
naphthalene disulphonic acid (NDS)  in 15 ml DMA/EtOH (2:1 ratio) at 85 oC for 3 days afforded blue 
cube-like crystals of fsc-NDS (yield 53% based on the Cu(NO3)2·2 H2O). 
Synthesis of [Cu3(L2)4(SiF6)], fsc-2-SIFSIX: In a long thin test tube, copper hexafluorosilicate 
hexahydrate (CuSiF6.6H2O) (0.30 mmol, 0.094 g) in 3ml of EtOH/DMA (2:1) was carefully layered 
over 4-(pyridin-4-yl) acrylic acid (HL2) (0.40 mmol, 0.060 g) in 3ml DMA, the tube was sealed and left 
undisturbed at room temperature. After two weeks blue cube-like crystals were isolated (yield 57% 
based on CuSiF6.6H2O). 
Synthesis of [Cu3(L2)4(NDS)], fsc-2-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 
Cu(NO3)2·2 H2O, 0.40 mmol, (0.060 g) of 4-(pyridin-4-yl) acrylic acid (HL2) and 0.10 mmol (0.036 g) 
of 1,5-naphthalene disulphonic acid (NDS)  in 15ml DMA/EtOH (2:1 ratio) at 85 oC for 3 days afforded 
blue cube-like crystals of fsc-2-NDS (yield 60% based on Cu(NO3)2·2 H2O). 
Synthesis of [Cu3(L3)4(NDS)], fsc-3-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 
Cu(NO3)2·2 H2O, 0.40 mmol, (0.075 g) of 4-(1H-imidazol-yl)benzoic acid acid (HL3) and 0.10 mmol 
(0.036 g) of 1,5-naphthalene disulphonic acid (NDS)  in 15ml DMA/EtOH (2:1 ratio) at 85 oC for 3 
days afforded blue cube-like crystals of fsc-2-NDS  (yield 67% based on Cu(NO3)2·2 H2O). 
Synthesis of [Cu3(L4)4(NDS)], fsc-4-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 
Cu(NO3)2·2 H2O, 0.40 mmol, (0.080 g) of 4-(4-Pyridinyl)benzoic acid (HL4) and 0.10 mmol (0.036 g) 
of 1,5-naphthalenedisulfonic acid (NDS)  in 15ml DMA/EtOH (2:1 ratio) at 85 oC for 3 days afforded 
blue cube-like crystals of fsc-5-NDS  (yield 62% based on Cu(NO3)2·2 H2O). 
Synthesis of [Cu3(L5)4(NDS)], fsc-5-NDS: Solvothermal reaction of 0.30 mmol (0.067 g) of 
Cu(NO3)2·2 H2O, 0.40 mmol (0.090 g) of 4-(2-(4-pyridyl)ethenyl) benzoic acid (HL5) and 0.10 mmol 
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(0.036 g) of 1,5-naphthalene disulphonic acid (NDS) in 15 ml DMA/EtOH (2:1 ratio) at 85 
o
C for 3 
days afforded blue cube-like crystals of fsc-6-NDS (yield 53% based on the Cu(NO3)2·2 H2O). 
 
Structural Descriptions 
TOPOS30 revealed that the isolated structures fsc-1-NDS, fsc-2-NDS, fsc-3-NDS, fsc-4-NDS, 
fsc-5-NDS, fsc-2-SIFSIX exhibit 4,6-connected  fsc topology, which is considered as one of the rare 
topological nets predicted by O’Keeffe and first reported in 2007.31 All six structures are consisted of 
two nodes (binodal fsc net). The copper paddlewheel MBBs, [Cu2(COOR)4], serve as 4 connected nodes 
that are alternating with the 6 connected [Cu(NR)4(X)2] octahedral nodes (X is the pillar) as presented in 
Scheme 3.2 and 3.3. We exploit the pyridine carboxylate as a bi-functional mono-negative ligand to 
build up the cationic paddlewheel square grid. These ligands have both functional groups that are used 
to build the well-known pre-mentioned square grids, since the carboxylate moieties have the motive to 
form the binuclear square paddlewheel with Cu cations as neutral  MBB; [Cu2(COOR)4],
22,23 while the 
pyridine moieties are predicted to form a cationic square planar MBB with Cu cations; [Cu(NR)4]
+2.10,24 
This consequently leads to formation of cationic square grid like sheets of alternative neutral binuclear 
paddlewheel with cationic square planar MBBs. Subsequently the logical pathway is to exploit a 
divalent anion such as SiF6
-2 or NDS-2 that can serve as anionic pillar in order to cross-link the cationic 
[Cu(NR)4]
+2 moieties and connect the 2D cationic sheets to form 3D neutral (4,6)-c fsc net (Scheme 3.2 
and 3.3).  
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Scheme 3.2. Illustration of the crystal engineering of fsc nets; they are comprised from alternating [Cu(AN)4]
2+
and 
[Cu2(CO2R)4] MBBs, the former of which can be pillared by linear SiF6
-2
 (SIFSIX) or angular 1,5-naphthalenedisulfonate 
NDS
-2
 pillars. 
 
 
Scheme 3.3. Schematic representation of the self-assembled fsc nets showing the linear and angular fashion pillaring using 
the SiF6-2 and NDS-2 as anionic pillars. 
 
A single crystal X-ray crystallography study revealed that [Cu3(L1)4(NDS)], fsc-1-NDS, 
crystallizes in monoclinic space group C2/m (a = 17.6979(8) Å, b = 17.6261(8) Å, c = 18.8786(9) Å, 
α=90.000(0)°, ß=90.003(2)°, ɣ=90.000(0)°, V = 5889.1(5) Å3). The 6-connected Cu nodes show 
distorted octahedral geometry (Cu-O = 2.340(5) Å-2.346(5) Å, Cu-N = 2.028(5) Å-2.038(6) Å, with 
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bond angles N-Cu-N = 89.7(2)°-90.3(2)°, N-Cu-O = 89.7(2)°-90.1(2)° and O-Cu-O = 179.7(2)°). The 
Cu paddlewheel moieties serve as 4-connected nodes in which Cu-O = 1.944(5) Å-1.980(6) Å and O-
Cu-O = 89.0(2)°-89.7(2)°. The distance apart and alignment of neighboring Cu centers of the square 
grid sheets are dependent on the nature of the pillar and the length of the linker. The NDS moieties in 
fsc-1-NDS link Cu centers in an angular manner, resulting in the Cu centers being staggered with 
respect to each other. The shortest distance between the 6-connected Cu centers is 11.106(3) Å while the 
Cu-Cu distance between adjacent paddlewheel moieties is 8.921(3) Å. The distance between the free 
oxygen atom of NDS pillars and the Cu atom of the paddlewheel is only 4.213(2) Å in fsc-1-NDS and 
this allows for hydrogen bonding between NDS and aqua ligands with an O…O distance of 2.746(2) Å. 
There are not such interactions in the other variants because of the longer lengths of L2-L5 (Figure 3.1). 
fsc-1-NDS exhibits square channels parallel to [0,0,1] with pore limiting diameter (PLD) of 8.98 Å. The 
PLD values reported herein are defined by the longest diagonal of the channel after subtracting 3.5 Å for 
Van der Waals radius. 
[Cu3(L2)4(SiF6)], fsc-2-SIFSIX, crystallizes in tetragonal space group P4/mmm (a = b = 
15.650(9) Å, c = 8.348(7) Å, V = 2045(3) Å3). The anionic SIFSIX moieties pillar the cationic 
[Cu(AN)4]
+2  centers in linear fashion as occurs in other SIFSIX pillared nets32 and necessitate eclipsed 
arrangement of the copper paddlewheel moieties with a Cu-Cu distance of only 5.86 Å (see Schemes 2 
and 3). The distance between the 6-connected Cu centers is 8.348 (4) Å. The 6-connected Cu nodes 
exhibit octahedral geometry (Cu-F = 2.496(2) Å and Cu-N = 2.013(2) Å, ideal bond angles). The bond 
distances and angles of the 4-connected Cu paddlewheel moieties are Cu-O = 1.960(9) Å-1.977(9) Å 
and O-Cu-O = 86.9(2)°-92.5(2)°, respectively. fsc-2-SIFSIX exhibits square channels parallel to [0,0,1] 
with PLD of 12.15 Å. 
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[Cu3(L2)4(NDS)], fsc-2-NDS,  crystallizes in monoclinic space group C2/c (a = 22.1842(12) Å, 
b = 22.2031(11) Å, c = 20.5409(11) Å, α=90.000(0)°, ß=122.1590(15)° ɣ=90.000(0)°,  V = 8565.3(8) 
Å3) and the angular linking mode of the NDS pillar means that the paddlewheel moieties are staggered 
in a manner similar to that of fsc-1-NDS. The Cu-Cu distance between adjacent paddlewheel moieties is 
8.808(2) Å whereas the distance between 6-connected Cu centers is 10.960(2) Å. The 6-connected Cu 
nodes exhibit distorted octahedral geometry with bond distances of 2.160(7) Å and 1.930(9)-2.085(8) Å 
for Cu-O and Cu-N, respectively, while the N-Cu-N, N-Cu-O and O-Cu-O angles are 87.4(5)°-92.7(4)°, 
91.1(4)°-96.4(3)° and 174.30(2)°, respectively. The bond distances and angles of the 4-connected Cu 
paddlewheel moieties are: Cu-O = 1.888(7) Å-2.167(2) Å and O-Cu-O = 86.9(6)°-90.4(6)°. The shortest 
distance between the free oxygen atom of NDS pillars and Cu atoms of the paddlewheel is 6.009 (2) Å. 
Square channels parallel to [0,0,1] in fsc-2-NDS exhibit PLD of 12.19 Å.  
[Cu3(L3)4(NDS)], fsc-3-NDS, crystallizes in orthorhombic space group Imma (a = 31.7864(12) 
Å, b = 33.3395(12) Å, c = 11.6773(4) Å, V = 12374.9(8) Å3). The distance between the 6-connected Cu 
centers is 11.677(25) Å whereas the Cu-Cu distance between paddlewheel moieties is 9.619(15) Å. The 
6-connected Cu nodes display distorted octahedral geometry with bond distances of 2.408(2) Å and 
1.998(2) Å for Cu-O and Cu-N, respectively. N-Cu-N, N-Cu-O and O-Cu-O angles are 89.1(2)°-
90.9(2)°, 89.11(7)°-90.89(7)° and 180.0°, respectively. The bond distances within the 4-connected Cu 
paddlewheel are 1.947(2) Å-1.954(2) Å whereas O-Cu-O angles range from 87.73(2)°-90.4(2)°. The 
shortest distance between the free oxygen atom of the NDS pillars and the Cu atom of the paddlewheel 
in fsc-3-NDS is 8.159 (2) Å. The lower symmetry of L3 compared to the other ligands used herein 
results in two types of channel; one along [0,0,1] with a PLD 13.43 Å, the other parallel to [1,0,0] with 
PLD of 17.41 Å.  
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[Cu3(L4)4(NDS)], fsc-4-NDS, crystallizes in monoclinic space group C 2/c (a = 26.189(3) Å, b = 
26.223(3) Å, c = 21.117(3) Å, α=90.000(0)°, ß= 127.232(5)° ɣ=90.000(0)°, V = 11547(3) Å3). The 
single crystal structure reveals that the paddlewheel moieties are once again staggered conformation and 
Cu-Cu distances between adjacent paddlewheels are 9.055(2) Å. The distance between 6-connected Cu 
centers is 10.885(2) Å. The 6-connected Cu nodes display octahedral geometry with bond distances of 
2.357(5) and1.944(9)- 2.007(6) Å for Cu-O and Cu-N, respectively, and bond angles of  88.6(2)-
91.4(2)°, 89.3(2)-90.7(2)° and 178.8(2)° for N-Cu-N, N-Cu-O and O-Cu-O, respectively. Bond 
distances and angles within the 4-connected Cu paddlewheel moieties are 1.893(6)-1.979(4) Å and 
angles range from 88.9(2)-95.4(3)°. NDS pillars and the Cu atom of the paddlewheel are separated by 
6.098(2) Å and fsc-4-NDS exhibits square channels parallel to [0,0,1] with PLD of 15.04 Å.  
[Cu3(L5)4(NDS)], fsc-5-NDS, crystallizes in monoclinic space group P2/c (a = 19.5016(16) Å, b 
= 21.8113(19) Å, c = 19.7468(17) Å, α=90.000(0)°, ß=112.517(4)° ɣ=90.000(0)°  V = 7759.08 Å3). 
Paddlewheel moieties are staggered and the Cu-Cu distance between adjacent paddlewheels is 
9.063(2)Å. 6-connected Cu centers are separated by 10.912(2)Å. The 6-connected Cu nodes exhibit 
octahedral geometry with bond distances of 2.410(4) Å and 2.008(4)-2.012(3)Å for Cu-O and Cu-N, 
respectively. N-Cu-N, N-Cu-O and O-Cu-O bond angles are 89.8(2)°, 87.0(2)-92.8(2)° and 175.45(2)°, 
respectively. The 4-connected Cu paddlewheel moieties display bond distances of 1.940(3)-1.997(3) Å 
and O-Cu-O bond angles of 88.4(2)-90.0(2)°. The distance between the free oxygen atom of the NDS 
pillars and the Cu atom of the paddlewheel is 8.083(2)Å. Square channels parallel to [0,0,1] in fsc-5-
NDS exhibit PLD of 16.26 Å. 
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Figure 3.1. Illustration of the effect of the linker length on the synergy between the decorating free oxygen atoms of the NDS 
and the unsaturated Cu centers of the paddle-wheel moieties.  
 
 
Figure 3.2. Molecular views of the crystal structures of fsc-1-NDS through fsc-5-NDS showing the fine-tuning of the pore 
size of the fsc platform through the isoreticular synthesis approach. 
 
Results and Discussion 
The crystal engineering strategy detailed herein intended to design a platform where the 
structures are robust and easy to modify through the exploitation of two well-known MBBs in order to 
produce a family of isostructural materials that are amenable for fine-tuning the pore size and pore 
functionality. Over 20,000 structures of MOMs have been reported,21 however only a handful of them 
can be considered as  platforms. Such platforms facilitate the systematic study of structure/function in 
hitherto unprecedented way compared with the traditional screening approaches that are commonly used 
in materials science. 
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Distinctively, fsc platform reported herein has a high level of structural diversity since it 
comprised from two MBBs that can be varied in three different positions: metal, linker (L1-L5) and 
pillar (angular or linear, organic or inorganic) which can exquisitely impact on the pore size and pore 
chemistry of these nets. The effect of the linker and pillar substitution on the pore size, pore chemistry 
and tuning the UMCs of the Cu paddlewheel moieties and their impact on the gas adsorption properties 
of the fsc nets are detailed herein.  
 
The Effect of Linker Substitution on Pore Size and Gas Sorption Performance 
The exploitation of NDS for angular pillaring of [Cu(AN)4]
2+ moieties connected by the organic 
ligands, L1-L5, has afforded 5 isostructural MOMs: fsc-1-NDS, fsc-2-NDS, fsc-3-NDS, fsc-4-NDS and 
fsc-5-NDS with PLDs of 8.98Å, 12.19Å, 13.43Å, 15.04Å, and 16.26Å, respectively (Figure 3.2). 
Permanent porosity for fsc-1-NDS, fsc-2-NDS, fsc-4-NDS and fsc-5-NDS was confirmed via CO2 
adsorption measurements at 195 K which revealed Langmuir surface areas of 680, 757, 713, 1350 m2g-1, 
respectively. fsc-3-NDS was found to exhibit no permanent porosity (see Appendix B). 
The variable PLDs of the fsc nets reported herein facilitates the systematic evaluation of the 
effect of the pore size on the gas sorption properties. The CO2 uptakes of fsc-1-NDS, fsc-2-NDS, fsc-4-
NDS and fsc-5-NDS at 1 atm and 298 K were observed to be 88 cm3g-1 (99 cm3cm-3), 55 cm3g-1 (47 
cm3cm-3), 62 cm3g-1 (46 cm3cm-3) and  73 cm3g-1 (61 cm3cm-3), respectively (see Figure 3.3). fsc-1-NDS 
thereby outperforms fsc-2-NDS, fsc-4-NDS, and fsc-5-NDS. The isosteric heats of adsorption (Qst) of 
CO2 were calculated using adsorption data collected at 273 and 298 K according to the virial equation 
(see Appendix B). Figure 3.4 reveals that the Qst of fsc-1-NDS was found to be steady across all 
loadings and greater than both fsc-2-NDS and fsc-5-NDS, nevertheless they exhibit the same 
functionality.  
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Figure 3.3. Reversible single-component CO2 and N2 adsorption isotherms for (a) fsc-1-NDS, b) fsc-2-NDS, c) fsc-2-
SIFSIX and (d) fsc-5-NDS. 
 
We attribute the higher affinity of fsc-1-NDS towards CO2 to the synergy between the primary 
and secondary binding sites which is available only in case of fsc-1-NDS as a result of the shorter 
distance between the oxygen of the sulfonate group and the copper paddlewheels (see Figure 3.1). In 
addition to the strong CO2/framework interaction exhibited by the smaller pore size of fsc-1-NDS (see 
Figure 3.2). Similar observation for the impact of pore size on CO2 adsorption has been reported by us 
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recently33,34 whereas the material with the smaller pore size was found to exhibit stronger interaction 
with CO2 as reflected by the higher Qst and higher CO2/N2 selectivity (see Appendix B). 
 
Figure 3.4. CO2 isosteric heats of adsorption (Qst) of fsc-1-NDS, fsc-2-NDS and fsc-5-NDS. 
 
Computational studies were performed in fsc-1-NDS, fsc-2-NDS, and fsc-5-NDS to investigate 
the effects that pore chemistry and pore size have on the interaction between the sorbed CO2 molecules 
and the copper paddlewheels in the respective MOMs. The simulations revealed that the open-metal 
Cu2+ ion sites are the first to be occupied in these MOMs. Figure 3.5 shows the radial distribution 
function, g(r), of CO2 carbon atoms about the Cu
2+ ions of the copper paddlewheels in fsc-1-NDS, fsc-
2-NDS, and fsc-5-NDS at 273 K and 0.05 atm. For these three compounds, a nearest-neighbor peak can 
be observed at approximately 3.3 Å. This peak corresponds to the sorption of CO2 molecules onto the 
Cu2+ ions with a Cu2+–C distance of about 3.3 Å. Note, this distance is comparable to what was 
observed for CO2 sorption onto the copper paddlewheels in MOFs with rht topology through previous 
molecular simulation studies.35,36  Further, this distance is also comparable to what was discerned 
through neutron powder diffraction studies investigating CO2 sorption in HKUST-1, a prototypal MOF 
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with copper paddlewheels, where Cu2+–C distances in the range of 3.0 to 3.2 Å were observed.37 A very 
large peak can be seen at that distance for fsc-1-NDS, while much smaller peaks were observed for fsc-
2-NDS and fsc-5-NDS. This signifies that there is a much greater quantity of CO2 molecules sorbing 
onto the Cu2+ ions of the copper paddlewheels in fsc-1-NDS compared to fsc-2-NDS and fsc-5-NDS. 
The high CO2 occupancy about the copper paddlewheels in fsc-1-NDS relative to fsc-2-NDS and fsc-5-
NDS can be explained by the following. In fsc-1-NDS, as the CO2 molecules bind onto the Cu
2+ ions of 
the Cu paddlewheels, they can also interact with the RSO3
– oxygen atoms of the NDS group that is very 
nearby. Indeed, a favorable, synergistic interaction can be seen between the CO2 oxygen atoms and the 
Cu2+ ions and between the CO2 carbon atoms and the decorating oxygen atoms of the NDS pillar in fsc-
1-NDS (Figure 3.6). 
 
Figure 3.5. Radial distribution function, g(r), of CO2 carbon atoms about the Cu
2+
 ions of the copper paddlewheels in fsc-1-
NDS, fsc-2-NDS, and fsc-5-NDS and fsc-2-SIFSIX at 273 K and 0.05 atm. Note, the g(r) are normalized to a total 
magnitude of unity over the distance examined. 
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Figure 3.6. A molecular illustration of the CO2 molecule interaction between Cu paddlewheels and the decorating oxygen 
atoms of NDS moieties in fsc-1-NDS. Atom colors: C = cyan, H = white, N = blue, O = red, S = yellow, Cu = tan. 
 
The CO2 molecules are held onto very tightly at this site, which explains the high CO2 
occupancy in this MOM. This also explains the high adsorption enthalpy in this MOM at low loading 
compared to other members that were synthesized with the NDS pillar. The use of isonicotinic acid 
(HL1) as the linker causes the NDS group to become closer to the Cu paddlewheel thus allowing for this 
strong interaction to be possible. In contrast, using HL2 and HL5 as the linkers cause the NDS group to 
become farther away from the paddlewheel. As a result, the CO2 molecules cannot interact with the 
RSO3
– ions at the same time that they sorb onto the copper paddlewheels in fsc-2-NDS and fsc-5-NDS. 
Hence, the Cu2+ ions and the RSO3
– ions behave as two independent sites in these two MOMs. Sorption 
onto a single Cu2+ ion of a copper paddlewheel as observed in fsc-2-NDS and fsc-5-NDS results in a 
weaker interaction compared to the synergistic interaction between the copper paddlewheels and the 
NDS groups as observed in fsc-1-NDS.  
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Fine-Tuning the UMCs via Pillar Substitution 
The orientation of the unsaturated copper paddlewheel metal centers are modulated by the pillar 
substitution concept38 where the NDS angular pillar in fsc-2-NDS is substituted by the linear SiF6
-2 
pillar in fsc-2-SIFSIX (Figure 3.7), in order to align [Cu2(CO2R)4] moieties from the adjacent 2D 
square grid sheets and optimize the Cu…Cu distance to be only 5.86 Å. 
 
Figure 3.7. (a), (b) Shows the pore decoration of fsc-2-SIFSIX and fsc-2-NDS, respectively from [0,0,1] direction, 
c)Topological representation of fsc topology nets reported herein, the red ball represents the 6-connected nodes while the 
green balls represent the 4-connected dinuclear copper paddlewheel. 
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The unique short distance and the perfect alignment between UMCs of the paddlewheel moieties 
fsc-2-SIFSIX, afford a dual synergetic interaction with the adjacent [Cu2(CO2R)4] moieties which make 
the space between the [Cu2(CO2R)4] moieties a strong CO2 binding site that can be regarded as an 
example of a single-molecule trap. 
Permanent porosity was confirmed via CO2 adsorption measurements at 195 K, which reveal 
Langmuir surface areas of 833 m2g-1 and 757 m2g-1 for fsc-2-SIFSIX  and fsc-2-NDS, respectively (see 
Appendix B).  
CO2, CH4 and N2 adsorption isotherms were collected at 298 K and revealed that fsc-2-SIFSIX 
has high affinity towards CO2, as exemplified by the higher CO2 uptakes at the low-pressure regions 
compared to CH4 and N2 (see Figure 3.3). The CO2 uptakes of fsc-2-SIFSIX and fsc-2-NDS at 1 atm and 
298 K were found to be 69 cm3g-1 (54 cm3cm-3) and 55 cm3g-1  (47 cm3cm-3), respectively, whereas the 
CH4 and N2 uptakes are 15.5 and 16.3 cm
3g-1, and 4.8 and 6 cm3g-1, respectively. fsc-2-SIFSIX thereby 
outperforms fsc-2-NDS. In order to rationalize these observations, the isosteric heats of adsorption (Qst) 
of CO2 for the two isostructures were calculated using adsorption data collected at 273 and 298 K 
according to the virial equation (see Appendix B). Figure 3.8 reveals that the Qst of fsc-2-SIFSIX was 
found to be at least 4 kJ/mol greater than that of fsc-2-NDS across all loadings. As mentioned earlier, 
the Qst at the low loading region is attributed to the UMCs of the [Cu2(COOR)4] as the first binding site. 
The use of SiF6
-2 as a pillar for designing the fsc-2-SIFSIX structure creates dual site-unsaturated metal 
centers trap where each CO2 molecule interacts with two Cu
+2 cations from the adjacent [Cu2(COOR)4] 
moieties. Furthermore, the ideal adsorbed solution theory (IAST) selectivity for both structures was 
calculated for 50:50 CO2:CH4 and 10:90 CO2:N2 mixtures based on the experimental gas adsorption 
isotherms. The CO2/CH4 selectivity for fsc-2-SIFSIX and fsc-2-NDS at 1 atm were found to be 35 and 
7 while CO2/N2 selectivities are 201 and 24. These data further validate the importance of tuning the 
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UMCs and the judicious choice of the pillar to create a material with high affinity towards CO2 as 
exemplified by the high Qst and selectivity of CO2. 
 
 
Figure 3.8. CO2 isosteric heats of adsorption (Qst) of fsc-2-SIFSIX and fsc-2-NDS.  
 
The computational study performed herein revealed that the substitution of NDS with SiF6
2- has 
affected the CO2 molecule interaction about the Cu paddlewheels when comparing the sorption 
properties between fsc-2-SIFSIX and fsc-2-NDS. The simulations revealed that there are more CO2 
molecules sorbed onto the copper paddlewheels for fsc-2-SIFSIX than fsc-2-NDS. This can be observed 
in the g(r) plot as shown in Figure 3.5, as a larger nearest-neighbor peak can be seen for fsc-2-SIFSIX 
compared to fsc-2-NDS. Examination of the crystal structure of fsc-2-SIFSIX  revealed that using SiF6
2- 
as the pillar causes adjacent paddlewheels to become close to each other, with a Cu2+–Cu2+ distance of 
approximately 5.86 Å between the neighboring paddlewheels. This close distance between nearby 
paddlewheels allows the CO2 molecules to interact with the Cu
2+ ions of adjacent paddlewheels in a 
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favorable fashion. Indeed, in fsc-2-SIFSIX, the CO2 molecules can coordinate to two Cu
2+ ions of 
adjacent paddlewheels simultaneously through its oxygen atom to yield a very favorable interaction 
(Figure 3.9). Note, the nearest-neighbor peak for fsc-2-SIFSIX was shifted to about 3.5 Å. This is 
because the proximity of the nearby Cu2+ ion acts as a counterforce, pulling the CO2 molecule in the 
other direction, and thus making larger CO2-Cu
2+ interaction distances possible.   
 
 
Figure 3.9. A molecular illustration of the CO2 molecule interaction between adjacent paddlewheels in fsc-2-SIFSIX. Atom 
colors: C = cyan, H = white, N = blue, O = red, Cu = tan. 
 
The simulation studies revealed that this interaction corresponds to a binding energy of ca. 35 kJ 
mol-1, which is in good agreement to the initial Qst value that was calculated for fsc-2-SIFSIX (see 
Appendix B). The CO2 molecules are held onto more tightly by adjacent Cu
2+ ions in fsc-2-SIFSIX, 
which explains why there is a much greater occupancy of CO2 molecules about the copper paddlewheels 
in this MOM relative to the fsc-2-NDS. In fsc-2-NDS, the NDS pillar causes the copper paddlewheels to 
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be much farther apart from each other. As a result, a single CO2 molecule can only coordinate to one 
Cu2+ ion of a copper paddlewheel in fsc-2-NDS, which is a weaker Cu2+–CO2 interaction compared to 
that in fsc-2-SIFSIX. 
Modeling studies have also added insights into the interaction between the CO2 molecules and 
the pillars between fsc-2-SIFSIX and fsc-2-NDS. This effect can be observed in the simulations at 
higher loadings after the open-metal sites are filled. Calculation of the normalized dipole distribution for 
CO2 molecules sorbed about the anionic pillars in fsc-2-SIFSIX and fsc-2-NDS at 273 K and 1.0 atm 
revealed that there is a higher population of CO2 molecules for fsc-2-SIFSIX compared to fsc-2-NDS 
across the indicated induced dipole magnitude region (see Appendix B). This signifies that there are 
more CO2 molecules sorbing to the SiF6
2– ions in comparison to the RSO3
2– ions of the NDS group.  
A closer view of the modeled structure in fsc-2-SIFSIX revealed that the CO2 molecules can 
coordinate to two equatorial fluorine atoms of the SiF6
2– group simultaneously, which results in a strong 
interaction between the CO2 molecule and the pillar (see Appendix B). A similar interaction was 
observed about the SiF6
2- ions in [Cu(bipy)2SiF6]n through modeling studies. In contrast, a single CO2 
molecule cannot coordinate to the two terminal oxygen atoms of the RSO3
– ions coincidentally in fsc-2-
NDS due to steric constraints provided by the linkers in this MOM. As a result, only one CO2 molecule 
can coordinate to one RSO3
– oxygen atom in fsc-2-NDS, which is a weaker interaction compared to 
coordination to two equatorial fluorine atoms simultaneously as observed in fsc-2-SIFSIX (see 
Appendix B). Note, the difference in the CO2 molecule interaction between the two pillars are also 
reflected in the calculate  d selectivities at high loadings, as the CO2/N2 and CO2/CH4 selectivities are 
much higher for fsc-2-SIFSIX  relative to fsc-2-NDS at 298 K and 1.0 atm (see Appendix B). 
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Conclusion 
In summary, we were able to design a novel versatile metal-organic material platform, with 
tunable pore size and chemistry for selective CO2 capture. These materials are sustained by pillaring a 
fine-tunable cationic paddlewheel square grid lattice via divalent anionic pillars such as NDS and SiF6
-2 
which afford a new family of 3D (4,6)-c fsc nets. We were able to fine-tune the synergy between the 
primary and secondary binding sites as well as adjusting pore size by using linkers with different lengths 
to optimize the distance between the UMCs and decorating oxygen atoms of NDS pillars. Gas sorption 
data in conjunction with computational stimulation validate a strong affinity toward CO2 across all 
loadings in case of fsc-1-NDS as expressed by steady Qst value. The use of longer linkers obliterates that 
synergy, as a result both binding sites behave independently causing a significant drop in the CO2 Qst at 
higher loading due to the weaker interactions.  We successfully demonstrated the effect of pillar 
geometry on tuning the UMCs, through the substitution of angular NDS pillar with linear SiF6
-2 pillar 
that tunes the alignment of unsaturated copper paddlewheel moieties with a short distance of 5.86 Å.  
This space represents a single-molecule trap which perfectly fit to trap one CO2 molecule. The gas 
sorption data reveal the strong affinity of fsc-2-SIFSIX towards CO2 as exemplified by high Qst value 
and high CO2/N2 and CO2/CH4 selectivity. Computational studies attribute this behavior to the dual 
interaction of CO2 with the unsaturated Cu
+2 centers from the adjacent [Cu2(CO2R)4] moieties. We 
therefore anticipate that other fsc nets containing SiF6
2- and other inorganic pillars will further improve 
the Qst and selectivity of CO2 and studies to address this matter are currently underway in our laboratory. 
This study therefore offers a prototypal model that demonstrates the crucial role of tuning the UMCs, 
the pore chemistry and pore size for highly selective gas adsorption in porous materials. 
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CHAPTER FOUR: 
Two-Step Crystal Engineering Using Trigonal Prism, [Cr3(µ3-O)(RCO2)6] and Novel Cu Cluster, 
[Cu3(µ3-Cl)(RNH2)6Cl6], as Molecular Building Blocks. 
 
Note to Reader 
Portions of this chapter have been previously published in Chemical Communications 2013, 49, 8154 
and have been reproduced with permission of the Royal Society of Chemistry 
 
Introduction 
Metal-organic materials (MOMs) emerged in the past two decades and are today widely 
regarded as promising materials for a diverse range of applications such as gas storage,
1-3
 
heterogeneous catalysis,
4
 drug delivery,
5
 magnetism
6
 and conductivity.
7
  In the context of MOM 
design, high symmetry uninodal and binodal nets are attractive targets because they can exhibit 
topology that is amenable to fine-tuning from a range of readily available molecular building 
blocks, MBBs. Uninodal nets are exemplified by srs,
 
ths (3-connected, 3-c)
8,9
 , dia,
10 
nbo
11
 (4-
c), pcu,
8,9,12 
acs
13,14
 (6-c), bcu
8,9
 (8-c) and fcu
15
 (12-c) topology nets.  Binodal nets are 
exemplified by combinations of [Cu2(CO2)4] (tbo
16
, pto
17
) square paddlewheel MBBs or basic 
zinc acetate [Zn4(µ4-O)-(CO2)6] octahedral MBBs (6,3-c, qom) with 3-c moieties. However, 
despite their promise, MOMs remain underdeveloped largely because of cost or stability 
considerations.
18
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The [M3(µ3-O)(RCO2)6] trigonal prismatic cluster (M = Cr, Fe, In) represents an ideal MBB 
since it is robust, relatively inexpensive to prepare and it sustains tetrahedral supercages in 
zeolite-like MOMs such as MIL-100 and MIL-101.
19,20
 The default net (acs) for 6-c trigonal 
prismatic nodes is formed by linking the vertices of [M3(µ3-O)(RCO2)6] moieties by linear 
ligands. However, the inherent flexibility of the [M3(µ3-O)(CO2)6] cluster facilitates shrinkage 
upon removal of guest, as exemplified by the MIL-88 class of compounds, which undergo 
variations of unit cell volume from 70 to 230%.
21-25
 Nevertheless, the flexibility in MOMs might 
be useful for some other application as exemplified by recent reports on application of MIL-
88.
26,27
 Prevention or reduction of such breathing phenomena has been recently reported
28
 by 
implementing linker modification.
38,39
 However, 6-c acs nets which are completely rigid should 
exhibit higher surface area. We herein address this matter through an extension of our recently 
reported 2-step crystal engineering approach.
29
 
 
The 2-Step Crystal Engineering Design Approach 
Two new trigonal prismatic clusters decorated with 3-aminophenyl and 4-aminophenyl 
moieties of formula [Cr3(µ3-O)(RCO2)6]NO3 (R=3-aminophenyl or 4-aminophenyl), were 
synthesized through solvothermal reaction of chromium(III)-nitrate nonahydrate with m-
aminobenzoic acid and p-aminobenzoic respectively, in MeOH (See Appendix C). These 
trigonal prismatic Primary Molecular Building Blocks (tp-PMMB-5 and -6, respectively) were 
subsequently reacted with CuCl2 in a mixture of N,N-dimethylformamide (DMF) and 
acetonitrile (MeCN) at room temperature to afford the novel MOMs, tp-PMBB-5-acs-1 and tp-
PMBB-6-stp-1.  
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Structural Descriptions 
Tp-PMBB-5-acs-1 and tp-PMBB-6-stp-1 are sustained by [Cr3(µ3-O)(RCO2)6] and 
[Cu3(µ3-Cl)(RNH2)6Cl6] MBBs and to our knowledge these MOMs represent the first use of the 
latter cluster in a MOM. This is perhaps surprising since Cu3(µ3-X) clusters (X=F, Cl, Br or I) 
are long and well-known to exist as discrete complexes according to a Cambridge Structural 
Database
30
 survey (CSD version 5.34, updates to Nov. 2012). Indeed, there are 279 entries for 
Cu3(µ3-Cl), 201 for Cu3(µ3-Br) and 463 for Cu3(µ3-I).  However, only 5 of these Cu3(µ3-Cl) 
clusters are decorated with NH2 groups, only one of which is similar to the cluster reported 
herein.
31
 
Tp-PMBB-5-acs-1 represents the first example of an acs net formed from two different 6-
c MBBs, [Cr3(µ3-O)(maba)6], which uses its peripheral NH2 moieties to link [Cu3(µ3-
Cl)(RNH2)6Cl6] MBBs. The single crystal structure reveals that tp-PMBB-5-acs-1 crystallizes in 
the hexagonal space group P-6c2 (a=b= 13.469(12) Å, c = 27.51(2) Å, V = 4322.1 Å
3
. The 
Cu
2+
cations of the [Cl6Cu3(µ3-Cl)(NH2)6]
-
 clusters are 5-coordinate with 2 NH2 ligands, 2 
terminal Cl
-
 ligands and a µ3-Cl
-
 ligand. The cluster geometry is controlled by intramolecular H-
bonding between the RNH2 moieties and terminal Cl
-
 ligands (N
…
Cl = 3.190(16)Å, see 
Figure 4.1 a,b). Tp-PMBB-5-acs-1 exhibits triangular channels parallel to [0,0,1] with pore 
limiting diameter (PLD) of 14.50 Å and 41.5% void space (PLD is determined by measuring the 
diagonal of the channel and subtracting 3.5 Å for Van der Waals distances. Reaction of tp-
PMBB-6 with CuCl2 in a 3:2 molar ratio afforded tp-PMBB-6-stp-1, which crystallizes in the 
hexagonal space group P63/mcm (a=b=29.72(2) Å, c = 26.388(18) Å, V = 20185.3 Å
3
). The 
single crystal structure reveals that only 4 NH2 moieties of tp-PMBB-6 are coordinated to the 
[Cu3(µ3-Cl)(RNH2)6Cl6] MBB so they serve as 4-c and 6-c nodes, respectively, resulting in a 
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square trigonal prismatic (stp) net. The two free amine groups are oriented toward the interior of 
the 21.34 Å diameter hexagonal channels that run parallel to [001]. 
 
Gas Adsorption Properties 
We addressed whether or not tp-PMBB-5-acs-1 exhibits breathing by variable 
temperature powder X-ray diffraction (Figure 4.3) and immersion in a variety of solvents (See 
Appendix C). In contrast to the MIL-88 series, tp-PMBB-5-acs-1 showed no shifts in peak 
positions upon heating under vacuum or immersing the crystals for 24 hours into different polar 
and non-polar solvents such as H2O, acetone, MeOH and toluene (See Appendix C). The rigidity 
of tp-PMBB-5-acs-1 might be attributable to the NH
…
Cl
-
 hydrogen bonds in the [Cu3(µ3-
Cl)(RNH2)6Cl6] MBBs (Figure 4.1). We subsequently tested tp-PMBB-5-acs-1 for porosity. 
Crystals of tp-PMBB-5-acs-1 were activated by exchange with MeCN for 2 days (3 times/day) 
and then CH2Cl2 for 3 days (3 times/day) followed by degassing under dynamic vacuum at 60 ℃ 
for 12 h. CO2 adsorption at 195 K revealed a Brunauer-Emmet-Teller surface area (BET) of 
710 m²/g and a Langmuir surface area of 909 m²/g. In addition, p-PMBB-5-acs-1 was found to 
exhibit CO2 uptake of 80 cm³/g (90 cm³/cm³) and 60 cm³/g (68 cm³/cm³) at 273K and 298K, 
respectively (See Appendix C). 
 
Figure 4.1. a) Hydrogen bonding in [Cu3(µ3-Cl)(RNH2)6Cl6] MBBs; b) Hydrogen bonds in tp-PMBB-5-acs-1;  c) Hydrogen 
bonds in tp-PMBB-stp-1 (CH hydrogen atoms have been omitted for clarity). 
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Tp-PMBB-6-stp-1 is comprised of the same MBBs as tp-PMBB-5-acs-1 but because the 
[Cr3(µ3-O)(RCO2)6] MBB is only 4-c it has free amine groups, a feature that would be expected 
to result in high affinity towards CO2. Crystals of tp-PMBB-6-stp-1 were activated by soaking 
in EtOH and supercritical CO2 drying. The N2 adsorption isotherm at 77 K revealed Brunauer-
Emmet-Teller (BET) and Langmuir surface areas of 323 and 403 m²/g, respectively. CO2 
uptakes for tp-PMBB-6-stp-1 at 1atm were measured to be 54 cm³/g (39 cm³/cm³) and 37 cm³/g 
(27 cm³/cm³)  at 273K and 298 K, respectively, the low CO2 uptakes and surface area can be 
attributed to the low thermal stability of tp-PMBB-6-stp-1 (See Appendix C). The heat of 
adsorption (Qst) for both tp-PMBB-5-acs-1 and tp-PMBB-6-stp-1 were calculated from their 
273K and 298K isotherms and are compared in figure C18(see Appendix C) . Tp-PMBB-5-acs-
1 exhibits Qst of 22 kJ/mol at zero coverage decreasing only slightly at full coverage. The 
corresponding values for tp-PMBB-6-stp-1 were found to be 36 kJ/mol and 23 kJ/mol, 
respectively. The higher initial Qst in case of tp-PMBB-6-stp-1 is presumably from the presence 
of free amino groups.
3,32,33 
Table C1 (See Appendix C) compares the porosity of acs topology 
nets and reveals that most of them exhibit small or no surface area because of the 
aforementioned breathing effect (Table C1 Appendix C) although bulky substituents that reduce 
the swelling amplitude of MIL-88 nets
28
 can afford increased surface area. 
 
Conclusion 
In summary, we herein demonstrate that non-breathing acs and stp nets can be prepared using 
two robust MBBs linked by aminobenzoate ligands. The [Cu3(µ3-Cl)(RNH2)6Cl6] MBBs 
reported herein for the first time are simple, cheap and facile to prepare and likely to become 
broadly applicable for crystal engineering of new MOMs.  
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Scheme 4.1.  Schematic representation of the 2-step approach to binodal acs and stp nets. 
 
 
Figure 4.2. Illustrations of a) the acs topology net of tp-PMBB-5-acs-1, b) the stp topology net of tp-PMBB-6-stp-1. 
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Figure 4.3. Variable temperature PXRD patterns of tp PMBB-6-acs-1 under vacuum. 
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CHAPTER FIVE: 
Conclusions and Future Directions 
 
Conclusions 
MOMs represent a novel class of porous materials that are characterized by the robustness and 
inherent modularity from both synthesis and design prospective. Their unparalleled extra-high 
permanent porosity combined with the inherent modularity and amenability to fine-tuning the properties 
through the well-established crystal engineering and self-assembly strategies make them one of the most 
promising classes of porous materials for several applications. However, the utilization of MOMs in 
practical applications is facing two major obstacles: their cost and stability. Nevertheless, the utilization 
of the crystal engineering in the rational design and synthesis of MOM platforms by using the radially 
available and stable MBBs with simple ligand linkers as exemplified herein by dia, fsc, acs and stp 
platforms, could supersede the cost and stability obstacles to make the use of MOMs in practical and 
industrial applications close to coming to fruition. Where such work in designing new MOM platforms 
offer an exceptional level of control over the resulting structure including topology, pore size and pore 
chemistry and therefore it offers an unparalleled level of control over the resulting physicochemical 
properties in a manner that facilitates the achieving of the desired properties. 
In contrast, the rational synthesis of isolated structures using expensive ligands and harsh 
synthetic conditions lead to materials with undesirable physicochemical properties or expensive to be 
utilized in the industrial applications or the practical use. 
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Future Directions 
The utilization of the crystal engineering and self-assembly approaches in the rational design and 
synthesis of MOMs in such a way to develop MOM platforms in order to target the desired properties 
“Form comes before the function” can be attained by using the topology of a prototypal MOM network 
as a blueprint to develop the new families of platforms that have the same or similar topology via the 
judicious selection of the linkers and the molecular building blocks (MBBs). 
Isolation of the highly symmetrical MBBs that are amenable for the two-step crystal engineering 
synthesis is indeed very important strategy to develop novel platforms with fine-tunable pore size and 
chemistry. The chosen MBBs for the two-step synthesis should characterize with; facile synthesis, 
inexpensive, high thermal and chemical stability, the amenability for the diverse functionally and high 
solubility in organic solvents. 
Using of structure directing agents in MOMs synthesis, such as solvents, porphyrins, 
polyoxometalates (POMs) or any other small molecules, offer unprecedented way to control over the 
structure formation in such manner that allow the formation of specific topological nets that are only 
affordable in the presence of these structures directing agents. Indeed the using of structure directing 
agents facilitates the control over pore size and the level of the interpenetration of the resulting nets 
based on the size of the guest molecule as exemplified by several examples such as dia platform we 
reported herein. 
Extra-high surface area is not always the destination, unless the gas storage application is the desired 
function. While the design of materials for gas separation or gas purification applications requires 
optimization of pore size and pore functionality rather than maximizing the surface area. 
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APPENDIX A: 
Dia Platform: Control over the Level of Interpenetration in dia Topology Networks for Tuning 
CH4, CO2 and H2 Sorption Performance 
 
Characterization 
Materials and Methods: All reagents and solvents were purchased in high purity grade and 
used as received. Powder x-ray diffraction (PXRD) data were recorded on a BrukerD8 Advance X-ray 
diffractometer at 20 kV, 5 mA for Cukα (λ = 1.5418 Å), with a scan speed of 0.5 s/step (6°/min) and a 
step size of 0.05° in 2θ at room temperature. The calculated XPD patterns were generated using Powder 
Cell for Windows Version 2.4 (programmed by W. Kraus and G. Nolze, BAM Berlin, 2000). Infrared 
spectra were recorded on a Nicolet Avatar 320 FT-IR spectrometer. Low pressure gas adsorption 
isotherms were measured on the Micrometrics ASAP 2020 Surface Area and Porosity Analyzer. 
 
Synthesis of bis{4-[2-(4-Pyridyl)ethenyl] Benzoic Acid (HL1) 
The ligand HL1 was prepared by a modified literature method1 by reacting 100 mmol (9.8 ml) 
of 4-methylpyridine (4-picoline) with 100 mmol (15.2 g) of 4-formylbenzoic acid  in 100 ml acetic 
anhydride, the reaction mixture was heated at 145 0c for 10 h. the mixture then cooled to room 
temperature and the precipitated white-yellow crude product was collected by filtration and was washed 
several times with water followed by ethanol and finally with diethyl ether and recrystallized with hot 
DMF (16.5 g, yield 75%). 
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Synthesis of Zn (L1)2(dmf), dia-7i-1-Zn 
HL1 (0.022 g, 0.1 mmol) was dispersed in DMF and added a solution of Zn (ClO4)2·6H2O 
(0.018 g, 0.05 mmol) in EtOH. The resulting solution was heated in a scintillation vial 105°C for 12 h 
and cooled slowly to room temperature at a rate of 5
o
C min
-1
 that gave pale yellow  block shaped single 
crystals (yield, 57%).  
 
 
Scheme A1. HL1, HL2 and HL3 facilitate systematic control over pore size in dia nets. 
 
 
Scheme A2. An illustration of the solvent template effect that controls the level of interpenetration in dia nets formed by 
Co(II) and 4-(2-(4-pyridyl)ethenyl)benzoic acid (HL1). 
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Scheme A3. An illustration of the solvent template effect that controls interpenetration in dia nets formed by Co(II) and 4-
(pyridin-4-yl)acrylic acid (HL3). 
 
Description of Crystal Structures 
Single crystal X-ray crystallography revealed that dia-4i-1 crystallizes in the orthorhombic space 
group F222 (a=12.8020(3) Å, b=34.9232 (8) Å, c=43.7551(1) Å, V= 19562.3 Å
3
). Dia-4i-1 exhibits 
adamantanoid cages (Scheme B2) with Co
…
Co edge distances of 15.3699 (3) Å to 15.4323 (3) Å and 
diagonal distances of up to 43.7551(1) Å. The adamantanoid cages are elongated along the a axis and 
exhibit dimensions (corresponding to the intercage Co…Co distances) of 2a×b×c (25.6040(6) Å × 
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34.9232 (8) Å × 43.7551(1) Å). Apical distances are 21.6553 (4) Å, 25.0093 (8) Å, and 27.9917 (8) Å. 
A mentioned above, TOPOS revealed that the four independent networks are related by two translation 
vectors corresponding to crystallographic [0.5, 0.5, 0] and [0.5,-0.5, 0]. Adjacent nets are equally 
separated through these vectors by 18.60 Å as schematically shown in Figure A3 (a,b). Adjacent nets 
are also equally separated along 001 (Co…Co = 6.4237 (2) Å). The distortion of the adamantanoid 
cages from ideal geometry arises from factors such as Co
2+
cations exhibiting distorted tetrahedral 
geometry through two pyridyl and two bidentate carboxylate moieties. In dia-4i-1 there are two 
different Co nodes having different bond angles and distances (N-Co1-N =97.22°(0), O-Co1-O=104.59 
°(0), N-Co1-O=101.08°(1) and 128.06°(0), N-Co2-N 98.882°(0), O-Co2-O 112.149°(1), O-Co2-N 
97.984°(0) and 126.547°(1).   
 
 
Figure A1. The isoreticular synthesis of dia nets using HL1, HL2 and HL3 afforded four 4-fold dia nets with widely 
different different PLDs. 
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Co-Co-Co angles between each node are also pseudo-tetrahedral (Co2-Co1-Co2 = 91.935°(0), 
130.736°(0), 110.105°(1) and 88.433°(0); Co1-Co2-Co1 =90.179°(0), 108.331°(0), 130.736°(1) and 
111.889°(1).  These distortions explain why the orthorhombic space group F222 is adopted rather than 
the ideal cubic space group Fm(3d). Dia-4i-1 exhibits rectangular channels parallel to [1,0,0] with 
dimensions based on Co…Co of 21.746 Å × 17.644 Å and a PLD of 18.25 Å (PLDs for all dia nets 
reported herein were determined by measuring the diagonal of the channel and subtracting 3.5 Å for Van 
der Waals distances). 
Dia-7i-1-Co crystallizes in the monoclinic space group Cc with a= 13.337 (1) Å, b= 24.979 (2) 
Å, c = 8.5046 (7) Å, V = 2797.56 Å3. The adamantanoid cages are less elongated (Co…Co edges are 
15.3996(18) Å and 15.4633 Å) and smaller (maximum dimensions of 3a×b×3.5c = 40.9215 (33) Å × 
24.9790 (24) Å ×30.1519 (112) Å) than those of dia-4i-1 (Scheme B2). The separation between Co 
atoms that lies across the diagonal of each adamantanoid cage is 38.4572 (31) Å whereas the apical 
distances are 23.9714 (20) Å, 26.8511 (24) Å and 22.9287 (19) Å. The distortion from ideal geometry is 
reflected by the Co2+ nodes (N-Co-N = 97.550°(205), O-Co-O = 111.838°(232), N-Co-O = 
98.220°(221)and 119.246°(236)). The Co-Co-Co edge angles are 95.962°(7), 120.505°(8), 143.544°(9) 
and 101.920°(8). The seven independent networks are interpenetrated with a translational vector 
corresponding to the crystallographic c axis (8.50 Å) as illustrated in Figure A2 (g,h). Dia-7i-1-Co 
exhibits narrow pores along [001] with PLDs of 5.28 Å. 
Dia-7i-1-Zn crystallizes in the monoclinic space group Cc with a= 13.4836 (11) Å, b= 24.964 
(2) Å, c = 8.3985 (7) Å, V = 2793.1 Å3. Zn+2 cations exhibit distorted tetrahedral geometry through two 
pyridyl moieties, one monodentate carboxylate moiety and one bidentate carboxylate moiety. The 
separation between Zn cations that lies across the diagonal of each adamantanoid cage is 41.336 (21). 
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The seven independent networks are interpenetrated with a translational vector corresponding to the 
crystallographic c axis (8.30Å). Dia-7i-1-Zn exhibits narrow pores along [001] with PLDs of 5.06Å. 
Dia-8i-1 crystallizes in the orthorhombic space group Aba2 (a = 13.1543 (8) Å, b = 21.7445 (11) 
Å, c = 8.6774 (6) Å, V = 2482.03 Å3) and exhibits 8-fold interpenetration with adamantanoid cages with 
Co…Co edge distances of 15.3872(39) Å and Co-Co-Co edge angles of 111.342°(0), 111.342°(0), 
129.389°(0) and 90.085°(0). The adamantanoid cages are more elongated along the c axis than the other 
polymorphs with dimensions (corresponding to the longest intercage Co…Co distances) of 2a×2b×4c = 
26.3086 (16) ×43.4890(24) ×34.7096 (31) Å. The diagonal Co…Co distance is 43.4890(24) Å while the 
apical distances are 21.7767 (19) Å, 27.8211 (17) Å, 25.4138 (10) Å. Nets are related by a translation 
vector of 11.55 Å along [0, 0.5, 0.5] and [0, 0.5,-0.5]. Dia-8i-1 exhibits pores along [100] with PLD of 
only 1.643 Å. Isostructural variants of dia-7i-1-Co and dia-8i-1 have been reported previously.[1,2] 
Dia-4i-2 crystallizes in the tetragonal space group P4212 with a = b = 22.6250 (7) Å, c = 
12.7634 (5) Å, V = 6533.46 Å3. The 4-fold interpenetrated dia net exhibits distorted adamantanoid cages 
with Co…Co edges of 12.9609 (16) Å and 13.0338(16) Å and Co-Co-Co edge angles of 105.176°(10), 
100.389°(10), 100.389°(10), 120.339°(9), 107.565°(10), 121.576°(9) and 102.729°(10). The diagonal 
Co…Co distance is 31.9966 (15) Å whereas the apical distances are 20.3053(17) Å, 22.6250(15) Å and 
19.9698 (17) Å. Analysis using TOPOS revealed that dia-4i-2 is a class IIIadia with two sets of 2-fold 
nets (Figure A3 (a, b)). The interpenetration vector in each set is parallel to the c axis with a relative 
displacement 11.88 Å and it can be described as a (2+2) interpenetrated diamondoid system3 dia-4i-2 
exhibits rectangular channels along the c axis with PLD of 11.86 Å. 
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Figure A2. Illustrations of the dia nets reproted herein that belong to class Ia.  
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Figure A3. Illustrations of the class IIIa dia nets reported herein, a and b refer to dia-4i-2 whereas c and d refer to 
dia-4i-3-b. 
 
Dia-4i-3-a crystallizes in the tetragonal space group p4212 with a= b=17.4848(8) Å, 
c=20.2126(9) Å and V= 6179.32 Å3 and contains adamantanoid cages with Co…Co edge 
distances of 11.07 (3) Å and 11.04 (3) Å(Scheme B3).  The diagonal Co…Co distance in each 
adamantoid cage is 27.0918 (17) Å and they are elongated along the c axis with dimensions 
(corresponding to the longest intercage Co…Co distances) of a×b×4/3c (24.6206 (18) Å×24.6439 
(18) Å×27.0918 (17) Å). Apical distances are 18.2882 (9) Å, 18.4687 (9) Å and 17.4176 (9) Å 
(Figure A52). 
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A TOPOS analysis revealed that the four interpenetrated nets are related by two 
translation vectors parallel to the c axis. Nets are separated by 20.33 Å as illustrated in Figure A2 
(c,d). There are four independent Co(II)cations that exhibit distorted tetrahedral geometry. 
Rectangular channels lies parallel to [0,0,1] direction with dimensions with a PLD of 8.57Å. 
Dia-4i-3-b, crystallizes in the orthorhombic space group Pnna with a = 12.4892 (15) Å, b 
= 13.6324 (15) Å, c = 12.1687 (15) Å and V = 2071.82 Å3. TOPOS revealed that the type of 
interpenetration is class IIIa, the same as that exhibited by dia-4i-2 (Figure A3 (c, d)). The 
interpenetration vector is parallel to the c axis with a relative displacement 12.07 Å and it can be 
described as (2+2) interpenetration (Figure A3). The adamantanoid cages exhibit maximum 
dimensions of 2a×2b×2c (24.9784 (30) Å × 27.2648 (30) Å × 24.3374 (34) Å). The diagonal 
distance between Co…Co atoms is 27.2648 (30) Å while the apical distances are 17.4372 (18) Å, 
18.4884 (15) Å and 18.2735(18) Å. The interpenetrated nets are equally separated along [010] by 
a Co…Co distance of 6.944 (12) Å. The Co…Co edge distances are 11.0136 (26) Å and 11.0441 
(26) Å whereas Co-Co-Co edge angles are 103.963°(1), 113.296°(1), 111.298°(1) and 
111.298°(1). Co(II)cations exhibit distorted tetrahedral geometry with bond angles as follows: O-
Co-O=102.440°(0), N-Co-N=99.999°(0), O-Co-N=106.641°(0), O-Co-N= 123.365°, O-Co-
N=122.684°(0) and O-Co-N=103.20°(0)). Dia-4i-3-b exhibits rectangular channels along [010] 
with a PLD of 8.83 Å. 
Dia-5i-3 crystallizes in the monoclinic space group Cc with a = 11.6908 (4) Å, b = 
21.0100 (6) Å, c = 8.5286 (2) Å and V = 1588.33 Å3). The structure of dia-5i-3 consists of dia 
nets with adamantanoid cages that exhibit Co…Co edge distances of 11.1878 (4) Å and 11.0200 
(2) Å. The diagonal distance between Co…Co atoms is 27.2197 (12) Å while the apical distances 
are 17.1925 (5) Å, 18.4236 (4) Å and 17.4772 (4) Å. The distortion of the adamantanoid cages 
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from ideal geometry can be attributed to distorted tetrahedral geometry around each Co(II) ion: 
N-Co-N =99.405°(17), O-Co-O = 122.560°(18), N-Co-O = 107.759°(19), 100.087°(19), 
99.829°(11) and 127.274°(11). Co-Co-Co edge angles are 103.807°(1), 133.05°(1), 113.423°(1) 
and 101.456°(1). The 5-fold interpenetration occurs with a translation parallel to the 
crystallographic c axis of 8.34 Å illustrated in FigureA2 (e, f). Dia-5i-3 exhibits narrow pores 
parallel to [001] with PLDs of 2.7 Å.  
 
Figure A4. Infrared spectroscopy (diffuse reflectance) for dia-4i-1. 
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Figure A5. Infrared spectroscopy for dia-4i-2. 
 
 
Figure A6. Infrared spectroscopy for dia-4i-3a. 
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Figure A7. Infrared spectroscopy for dia-4i-3-b. 
 
 
Figure A8. Infrared spectroscopy for dia-5i-3. 
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Figure A9. Infrared spectroscopy for dia-7i-1. 
 
 
Figure A10. Infrared spectroscopy for dia-8i-1. 
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Figure A11. Experimental and calculated powder X-ray diffraction (PXRD) patterns for dia-4i-1. 
 
 
Figure A12. Pre-activation and post-activation experimental and calculated powder X-ray diffraction patterns 
fordia-4i-2. 
 
  
88 
 
 
Figure A13. Pre-activation and post-activation experimental and calculated powder X-ray diffraction patterns for 
dia-4i-3-a. 
 
 
Figure A14. Pre-activation and post-activation experimental and calculated powder X-ray diffraction patterns for 
dia-4i-3-b. 
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Figure A15. Pre-activation and post-activation experimental and calculated powder X-ray diffraction patterns for 
dia-7i-1-Co. 
 
 
Figure A16. Pre-activation and post-activation experimental and calculated powder X-ray diffraction patterns for 
dia-7i-1-Zn. 
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Figure A17. Experimental and calculated powder X-ray diffraction (PXRD) patterns for dia-8i-1. 
 
Gas Sorption Properties 
Activation of samples: As-synthesized crystals of dia-4i-1 were exchanged with DMF 
for 4 days (3 times a day), exchanged with MeOH for another 4 days (to remove t-
butylformamide from the pores) before crystals were harvested and subjected to super critical 
CO2 drying. The CO2 adsorption isotherm at 195 K revealed a Langmuir surface area of 
1668 m²/g. Crystals of dia-4i-2 were exchanged with DMF for 2 days (3 times a day), exchanged 
with acetonitrile for 4 days (3 times/day) before crystals were harvested and placed in the 
sorption cell without exposing them to atmosphere. The sample was degassed under dynamic 
vacuum at 70 ℃ for 15 h. The CO2 adsorption isotherm at 195 K revealed a Langmuir surface 
area of 1448 m²/g. Crystals of dia-4i-3-a and dia-7i-1-Co were activated using the same 
procedure as that used for dia-4i-2. Permanent porosity was confirmed via CO2 adsorption 
measurements at 195 K for dia-4i-3-a and dia-7i-1-Co (see Appendix C). Langmuir surface 
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areas of 757 m2/g and 833 m2/g were determined for dia-4i-3-a and dia-7i-1-Co, respectively. 
Dia-8i-1 and dia-5i-3 are nonporous according to N2 isotherms measured at 77 K. This is 
unsurprising given the crystallographically measured PLDs of 1.643 Å and 2.90 Å, respectively. 
 
 
Figure A18. CO2 isotherm of dia-4i-1 measured at 195 K. 
 
 
Figure A19. CO2 isotherm of dia-4i-2 measured at 195 K. 
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Figure A20. CO2 isotherm of dia-4i-3-a measured at 195 K. 
 
 
Figure A21. CO2 isotherm of dia-4i-3-b measured at 195 K. 
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Figure A22. CO2 isotherm of dia-7i-1-Co measured at 195 K. 
 
 
Figure A23. CO2 isotherm of dia-7i-1-Zn measured at 195 K. 
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Figure A24 Reversible single component gas adsorption isotherms for dia-4i-2 and dia-4i-3-a. 
 
 
Figure A25. Reversible single component gas adsorption isotherms for dia-4i-1 and dia-7i-1-Co. 
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Figure A26. CO2 adsorption isotherms of dia-4i-3-b measured at 273 K and 298 K. 
 
 
Figure A27. CO2and N2 reversible single component adsorption isotherms fordia-7i-1-Zn. 
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Figure A28. Reversible single component CH4 volumetric adsorption isotherms for dia-7i-1-Co measured at 298 K, 
273 K and 253 K. 
 
 
Figure A29. CH4 adsorption isotherms of dia-4i-1 measured at 273 K and 298 K. 
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Figure A30. CH4 adsorption isotherms of dia-4i-3-ameasured at 273 K and 298 K. 
 
 
Figure A31. CH4 adsorption isotherms of dia-4i-2 measured at 273 K and 298 K. 
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Figure A32. CH4 adsorption isotherms of dia-4i-3-b measured at 273 K and 298 K. 
 
 
Figure A33. CH4 adsorption isotherms of dia-7i-1-Zn measured at 253 K, 273 K and 298 K. 
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Figure A34 Reversible single component H2 adsorption isotherms for dia-4i-1, dia-4i-2, dia-4i-3-a, dia-7i-1-Co 
and dia-7i-1-Zn measured at 77 K. 
 
Ideal Adsorbed Solution Theory (IAST) 
The ideal adsorbed solution theory (IAST)
4
 was used to predict the equimolar binary 
mixture adsorption of CO2 and CH4 from the experimental pure-gas isotherms. The single-
component isotherms were fit to a Langmuir-Freundlich equation: 
 
q=qm×[b×p/(1+b×p)] 
 
Here, P is the pressure of the bulk gas at equilibrium with the adsorbed phase (kPa), q is the 
adsorbed amount per mass of adsorbent (mol/kg), qm is the saturation capacity of adsorption 
(mol/kg), b is the affinity coefficient (1/kPa). 
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Indeed we calculate the IAST selectivity values for 10:90 CO2:N2 mixture for dia-7i-1-
Co, dia-4i-3-a, dia-4i-2 and dia-4i-1 that are 41, 27.5, 22.5 and 10, respectively (Figure A35). 
 
 
Figure A35. IAST selectivities for a 10:90 CO2:N2 mixture for dia-4i-1, dia-4i-2, dia-4i-3-a and dia-7i-1-Co. 
 
These observations prompted us to determine the selectivity of CO2 over N2 by 
calculating the CO2/N2 gravimetric selectivity in the context of post-combustion CO2 capture by 
determining wt% at 0.15 bar and 0.75 bar for CO2 and N2, respectively, at ambient temperature. 
The wt% of CO2 at 0.15 bar in dia-7i-1-Co, dia-4i-3-a, dia-4i-2 and dia-4i-1 were 3.44%, 
4.91%, 4.32% and 2.65%, respectively, whereas for N2 at 0.75 bar values were found to be 
0.33%, 0.68%, 0.61% and 0.83%, respectively. Therefore, the selectivity of CO2 over N2 in dia-
7i-1-Co, dia-4i-3-a, dia-4i-2 and dia-4i-1 under these conditions was found to be 52.1, 36.2, 
35.4 and 15.9, respectively. 
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Isosteric Heat of Adsorption (Qst) of CO2 
 
 
Figure A36. CO2 adsorption isotherms of dia-4i-1 at 273 K and 298 K fitted using the virial equation. 
 
 
Figure A37. CO2 adsorption isotherms of dia-4i-2 at 273 K and 298 K fitted using the virial equation. 
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Figure A38. CO2 adsorption isotherms of dia-4i-3-a at 273 K and 298 K fitted using the virial equation. 
 
 
Figure A39. CO2 adsorption isotherms of dia-7i-1-Co at 273 K and 298 K fitted using the virial equation. 
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Figure A40. CO2 adsorption isotherms of dia-7i-1-Zn at 273 K and 298 K fitted using the virial equation. 
 
Isosteric heat of adsorption (Qst) of CH4 
1-CH4 Qst calculation using Clausius-Clapeyron equation: 
 
Figure A41 (a) The CH4 adsorption isotherms for the first sample of dia-7i-1-Co, (b) Calculated isosteric heat of 
adsorption as function of the amount of CH4 adsorbed, (c) The lnP-1/T linear fitting plot. 
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Figure A42 (a) The CH4 adsorption isotherms for the second sample of dia-7i-1-Co, (b) Calculated isosteric heat of 
adsorption as function of the amount of CH4 adsorbed, (c) The lnP-1/T linear fitting plot.  
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Figure A43. (a) The CH4 adsorption isotherms for the third sample of dia-7i-1-Co, (b) Calculated isosteric heat of 
adsorption as function of the amount of CH4 adsorbed, (c) The lnP-1/T linear fitting plot. 
 
  
106 
 
 
Figure A44. (a) The CH4 adsorption isotherms for dia-4i-2, (b) Calculated isosteric heat of adsorption as function of 
the amount of CH4 adsorbed, (c) The lnP-1/T linear fitting plot.  
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Figure A45. (a) The CH4 adsorption isotherms for dia-4i-3a, (b) Calculated isosteric heat of adsorption as function 
of the amount of CH4 adsorbed, (c) The lnP-1/T linear fitting plot. 
 
2-CH4 Qst calculation using Langmuir-Freundlich equation: 
 
 
Figure A46 a) The CH4 adsorption isotherms for the first sample of dia-7i-1-Co fitted using Langmuir-Freundlich 
equation, (b) Calculated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
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Figure A47 a) The CH4 adsorption isotherms for the second sample of dia-7i-1-Co fitted using Langmuir-
Freundlich equation, (b) Calculated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
 
Figure A48 a) The CH4 adsorption isotherms for the third sample of dia-7i-1-Co fitted using Langmuir-Freundlich 
equation, (b) Calculated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
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Figure A49. a) The CH4 adsorption isotherms for dia-4i-2 fitted using Langmuir-Freundlich equation, (b) 
Calculated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
 
Figure A50 a) The CH4 adsorption isotherms for dia-4i-3a fitted using Langmuir-Freundlich equation, (b) 
Calculated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
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3-CH4 Qst calculation using virial equation: 
 
Figure A51 (a) CH4 adsorption isotherms of the first sample of dia-7i-1-Co at 298 K, 273 K and 248 K fitted using 
the virial equation, (b) Calculated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
 
 
Figure A52. (a) CH4 adsorption isotherms of the second sample of dia-7i-1-Co at 298 K, 273 K, 248 K and 223 K 
fitted using the virial equation, (b) Calculated isosteric heat of adsorption as function of the amount of CH4 
adsorbed. 
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Figure A53. (a) CH4 adsorption isotherms of the third sample of dia-7i-1-Co at 298 K, 273 K, 248 K and 223 K 
fitted using the virial equation, (b) Calculated isosteric heat of adsorption as function of the amount of CH4 
adsorbed. 
 
 
Figure A54. (a) CH4 adsorption isotherms of dia-4i-2 at 298 K, 273 K and 248 K fitted using the virial equation, (b) 
Calculated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
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Figure A55. (a) CH4 adsorption isotherms of dia-4i-3-a at 298 K, 273 K and 248 K fitted using the virial equation, 
(b) Calculated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
 
Computational Studies and Simulation Details of CH4 Sorption in dia-7i-1-Co 
Simulations of CH4 sorption in dia-7i-1-Co were performed using grand canonical Monte 
Carlo (GCMC) methods
5
 in a 2 × 2 × 2 system cell of the MOM. A spherical cut-off 
corresponding to half the shortest system cell dimension length was used for the simulations. The 
chemical potential for CH4 was determined for a range of temperatures through the Peng-
Robinson equation of state.
6
 
In this work, two CH4 models were considered for simulations of CH4 sorption in dia-7i-
1-Co. 
Model 1 is a single-site model that includes only repulsion/dispersion interactions using the 
Lennard-Jones 12–6 potential; this model is based on the TraPPE force field.7 Model 2 is a nine-
site model that includes repulsion/dispersion and electrostatic parameters. In this model, the 
Lennard-Jones parameters are located on the carbon atom and four off-site positions that are each 
positioned 0.816 Å from the carbon atom and along the C–H bond vector. In addition, there are 
partial charges located on the C and H atoms. Model 2 was developed using an adsorbate 
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potential fitting procedure as described in previous work.
8-11 
The parameters for both CH4 
models can be found in Table A1. 
Only van der Waals interactions were considered for the simulations in this work; thus, 
the potential energy of the MOM-CH4 system was calculated using only the Lennard-Jones 
potential. Preliminary simulation results using model 2 with electrostatic interactions turned on 
revealed that van der Waals interactions contribute to 99% of the total potential energy for CH4 
sorption in dia-7i-1-Co. This is due to the narrow pore sizes (PLD = 5.28 Å) that are present in 
the material, as it allows the adsorbate molecules to interact with multiple portions of the MOM 
simultaneously. Indeed, the confined space in the MOM causes van der Waals interactions to 
dominate. Thus, partial charges were not assigned to the nuclear center of the atoms of the MOM 
for CH4 sorption in this work. 
The Lennard-Jones parameters for the atoms in dia-7i-1-Co were taken from known 
force fields. Specifically, the parameters for all C, H, and N atoms were taken from the OPLS-
AA force field,
12
 while those for Co and O were taken from the universal force field.
13
 The 
Lorentz-Berthelot mixing rules
14
 were used to calculate the interactions between different 
species.  
 
Table A1. The parameters for the two CH4 models that were used for the simulations in this work. COM refers to 
the center-of-mass position and OS refers to the off-site positions. 
 
Model Site r (Å) ε (K) σ (Å) q (e–) 
1 COM 0.000 148.00000 3.73000 0.0000 
 
 
C 0.000 58.53869 2.22416 –0.58680 
H 1.099 0.00000 0.00000 0.14670 
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2 OS 0.816 16.85422 2.96286 0.0000 
 
In GCMC, the Qst values are calculated by the following statistical mechanical expression:
[15]
 
 
 
 
where < > indicates the ensemble average, N is the particle number, U is the potential energy, k 
is the Boltzmann constant, and T is the temperature.  
The simulations were performed using the Massively Parallel Monte Carlo (MPMC) 
code.
[16]
 For all state points considered, the simulations consisted of 5 × 10
6
 Monte Carlo steps to 
guarantee equilibration, followed by an additional 5 × 10
6
 steps to sample the desired 
thermodynamic properties and to ensure good averages for the Qst values. 
In general, the simulated CH4 Qst values in dia-7i-1-Co are in reasonable agreement with 
the experimental Qst values across the considered loading range for both CH4 models (Figure 
A47). The best agreement between experiment and simulation can be observed at low loading. 
Note, the difference in the shape in the Qst plots between experiment and simulation can be 
attributed to the difference in methodology in computing the Qst values for the respective 
techniques. The experimental Qst values are based on empirical fitting of the experimental CH4 
sorption isotherms, whereas the theoretical Qst values are taken directly from GCMC simulation. 
Nevertheless, both experiment and simulation reveals that the initial Qst values for CH4 in dia-7i-
1-Co ranges from 26 to 27 kJ mol
-1
, which is currently the highest out of all MOMs reported thus 
far. 
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Figure A56. Simulated isosteric heat of adsorption as function of the amount of CH4 adsorbed. 
 
 
Figure A57. The modeled structure of a 2 × 2 × 2 unit cell system of dia-7i-1-Co showing a loading of 8 CH4 
molecules per unit cell: (a) a axis view; (b) b axis view; (c) c axis view. Atom colors: C (MOM) = cyan, C (CH4) = 
gray, H = white, N = blue, O = red, Co = silver. 
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Table A2. Comparison of PLD of dia nets and its impact upon uptake and Qst of various gases. 
 
MOM Pore 
limiting 
diameter 
(PLD) 
Langmuir 
surface 
area 
CH4Qst 
at 1atm 
(kJ/mol) 
CO2 
uptake 
at 298 
K 
(cm3/g) 
CO2 Qst 
at zero 
loading 
(kJ/mol) 
IAST 
selectivity 
a
 
CO2/N2 
gravimetric 
selectivity b 
H2wt
% at 
77K 
 
Calc. 
density 
(g/cm3) 
dia-7i-
1-Co 
5.28 833 26.7 54.8 30 41 52.1 1.64 1.38 
dia-7i-
1-Zn 
5.16 712 23 53 30 40 50 1.48 1.40 
dia-i4-
3-a 
8.51 758 20.2 69.8 26 27.5 36.2 1.08 1.14 
dia-4i-
2 
11.86  1447 12.1 105 22 22.5 35.4 1.28 0.926 
dia-4i-
1 
18.25 1668 9 95 19 10 15.9 0.37 0.684 
a CO2/N2 IAST selectivity for 10:90 CO2:N2 mixture, 
bCO2/N2 gravimetric selectivity for post 
combustion CO2 capture 
 
Table A3. Summary of the isosteric heat of adsorption (Qst) at low loading and PLD for selected porous materials. 
 
Material LSAc PLD -Qst Ref 
UMCM-1 4100 14, 32 6.5 17, 18 
COF-5 1990,3300 27 8.5 17, 19 
COF-10 2080,4620 32 8.5 17, 19 
COF-102 4650 12 8.6 17, 19 
dia-4i-1 1668 18.2 8.7 This work 
COF-103 4630 12 9.5 19 
COF-8 1400,2110 16 12 17, 19 
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MOF-5 1870d 12 12.2 17, 20 
PCN-11 2442 8.9 14.6 17, 21 
dia-4i-2 1447 11.85 12.1 This work 
COF-1 970 9 17 17, 19 
Mil-101 4492 29, 34 18 17, 22, 23 
Zn-MOF-74 885 d 13.6 18.3 24 
Mg-MOF-74 1332 d 13.6 18.5 24 
PCN-14 1753 8 17.4 17, 25 
HKUST-1 2368 3.5, 9 17 17, 22 
Mil 100 1900 25, 29 19 17, 23 
COF-6 980 9 19 17, 19 
Mn-MOF-74 1102 d 13.6 19.1 24 
Co-MOF-74 1056 d 13.6 19.6 24 
BPL carbon 1500 5.9, 18 20 19, 26 
dia-4i-3-a 758 8.57 20.2 This work 
Ni-MOF-74 1027 d 13.6 21.4 24 
dia-7i-1-Zn 712 5.16 23 This work 
dia-7i-1-Co 833 5.2 26.7 This work 
cLangmuir surface area, dBrunauer-Emmett-Teller (BET) surface area 
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Figure A58. Isosteric heat of adsorption(Qst) at low loading versus PLD for selected porous materials. 
 
 
Figure A59. The adamantanoid cage of dia-4i-1 showing the apical distances represented by the green lines. 
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X-ray Crystallography 
The X-ray diffraction data for dia-8i-1, dia-5i-3, dia-7i-1-Co, dia-7i-1-Zn, dia-4i-3-a, 
dia-4i-3-b, dia-4i-2 and dia-4i-1 were collected using Bruker-AXS SMART-APEXII CCD 
diffractometer using CuKα (λ = 1.54178 Å). Indexing was performed using APEX227 (Difference 
Vectors method). Data integration and reduction were performed using SaintPlus 6.01.
28
 
Absorption correction was performed by multi-scan method implemented in SADABS.
29
 Space 
groups were determined using XPREP implemented in APEX2.
27
 Structures were solved using 
SHELXS-97 (direct methods) and refined using SHELXL-97 (full-matrix least-squares on F
2
) 
contained in APEX2
27
 and WinGX v1.70.01
30-33
 programs packages. Hydrogen atoms were 
placed in geometrically calculated positions and included in the refinement process using riding 
model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH), Uiso(H) = 1.5Ueq(-CH3). 
Low resolution observed in case of structure dia-4i-2 could probably be attributed to the 
presence of large cavities (47% Potential Solvent Area) filled with disordered solvent. In this 
case the contribution of heavily disordered solvent molecules was treated as diffuse using 
Squeeze procedure implemented in Platon program.
34, 35
 Atomic displacement parameters in this 
structure were refined using restraints (DELU C10 C9 C8 C12 C3 C11 N1 C5 C6 C7 C20 C21 
C13 C14 and ISOR C13 C1). Crystals dia-4i-2 was a racemic twin with approximate 1:1 ratio of 
twin components (BASF = 0.51(1). Crystal data and refinement conditions are shown in Tables 
A4-A11. 
Table A4. Crystal data and structure refinement for dia-4i-1. 
 
Identification code  dia-4i-1 
Empirical formula  C28H20CoN2O4 
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Formula weight  507.39  
Temperature/K  100(2)  
Crystal system  orthorhombic  
Space group  F222  
a/Å  12.8020(3)  
b/Å  34.9232(8)  
c/Å  43.7551(9)  
α/°  90.00  
β/°  90.00  
γ/°  90.00  
Volume/Å
3
 19562.3(8)  
Z  16  
ρcalcmg/mm
3
 0.689  
m/mm
-1
 2.903  
F(000)  4176.0  
Crystal size/mm
3
 0.14 × 0.13 × 0.11  
2Θ range for data collection  5.06 to 136.42°  
Index ranges  -15 ≤ h ≤ 14, 0 ≤ k ≤ 41, 0 ≤ l ≤ 52  
Reflections collected  8400  
Independent reflections  8400[R(int) = 0.0000]  
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Data/restraints/parameters  8400/18/313  
Goodness-of-fit on F
2
 1.103  
Final R indexes [I>=2σ (I)]  R1 = 0.0706, wR2 = 0.2028  
Final R indexes [all data]  R1 = 0.0781, wR2 = 0.2108  
Largest diff. peak/hole / e Å
-3
 1.06/-0.31  
Flack parameter -0.013(7) 
 
Table A5. Crystal data and structure refinement for dia-4i-2. 
 
Identification code             
Empirical formula               
Formula weight                  
Temperature                     
Wavelength                      
Crystal system, space group     
Unit cell dimensions            
 
 
Volume                          
Z, Calculated density           
Absorption coefficient          
F(000)                          
Crystal size                    
dia-4i-2 
C24 H16 Co N2 O4 
455.32 
228(2) K 
1.54178 A 
Tetragonal,  P42(1)2 
a = 22.6250(7) A   alpha = 90 deg. 
b = 22.6250(7) A    beta = 90 deg. 
c = 12.7634(5) A   gamma = 90 deg. 
6533.5(4) A^3 
8,  0.926 Mg/m^3 
4.302 mm^-1 
1864 
0.50 x 0.14 x 0.11 mm 
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Theta range for data collection 
Limiting indices                
Reflections collected / unique  
Completeness to theta = 50.41   
Absorption correction           
Max. and min. transmission      
Refinement method               
Data / restraints / parameters  
Goodness-of-fit on F^2          
Final R indices [I>2sigma(I)]   
R indices (all data)            
Absolute structure parameter    
Largest diff. peak and hole     
3.91 to 50.41 deg. 
-22<=h<=22, -18<=k<=22, -12<=l<=10 
14769 / 3270 [R(int) = 0.1047] 
94.6 % 
Semi-empirical from equivalents 
0.6490 and 0.2223 
Full-matrix least-squares on F^2 
3270 / 33 / 281 
0.992 
R1 = 0.0640, wR2 = 0.1224 
R1 = 0.1020, wR2 = 0.1301 
0.0(7) 
0.333 and -0.490 e.A^-3 
 
Table A6. Crystal data and structure refinement for dia-4i-3-b. 
 
Identification code  dia-4i-3-b 
Empirical formula  C16H12CoN2O4 
Formula weight  355.21  
Temperature/K  228(2)  
Crystal system  orthorhombic  
Space group  Pnna 
a/Å  12.4892(15)  
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b/Å  13.6324(15)  
c/Å  12.1687(15)  
α/°  90.00  
β/°  90.00  
γ/°  90.00  
Volume/Å
3
 2071.8(4)  
Z  4  
ρcalcmg/mm
3
 1.139  
m/mm
-1
 6.643  
F(000)  724.0  
Crystal size/mm
3
 0.21 × 0.15 × 0.11  
2Θ range for data collection  9.74 to 132.52°  
Index ranges  -14 ≤ h ≤ 14, -16 ≤ k ≤ 16, -14 ≤ l ≤ 14  
Reflections collected  23368  
Independent reflections  1823[R(int) = 0.0666]  
Data/restraints/parameters  1823/0/105  
Goodness-of-fit on F
2
 1.195  
Final R indexes [I>=2σ (I)]  R1 = 0.0794, wR2 = 0.1946  
Final R indexes [all data]  R1 = 0.0882, wR2 = 0.1986  
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Table A7. Crystal data and structure refinement for dia-5i-3. 
 
Identification code  dia-5i-3 
Empirical formula  C16H12CoN2O4 
Formula weight  355.21  
Temperature/K  228(2)  
Crystal system  monoclinic  
Space group  Cc  
a/Å  11.6910(4)  
b/Å  21.0101(6)  
c/Å  8.5286(2)  
α/°  90.00  
β/°  130.693(2)  
γ/°  90.00  
Volume/Å
3
 1588.36(8)  
Z  4  
ρcalcmg/mm
3
 1.485  
m/mm
-1
 8.665  
F(000)  724.0  
Crystal size/mm
3
 0.22 × 0.16 × 0.15  
2Θ range for data collection  8.42 to 136.8°  
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Index ranges  -11 ≤ h ≤ 13, -25 ≤ k ≤ 24, -10 ≤ l ≤ 10  
Reflections collected  5482  
Independent reflections  2372[R(int) = 0.0335]  
Data/restraints/parameters  2372/2/208  
Goodness-of-fit on F
2
 1.012  
Final R indexes [I>=2σ (I)]  R1 = 0.0332, wR2 = 0.0787  
Final R indexes [all data]  R1 = 0.0364, wR2 = 0.0800  
Largest diff. peak/hole / e Å
-3
 0.33/-0.19  
Flack parameter -0.019(4) 
 
Table A8. Crystal data and structure refinement for compound dia-7i-1-Co. 
 
Identification code              
Empirical formula                
Formula weight                   
Temperature                      
Wavelength                       
Crystal system, space group      
Unit cell dimensions             
 
 
Volume                           
dia-7i-1-Co 
C31 H27 Co N3 O5 
580.49 
228(2) K 
1.54178 A 
Monoclinic,  Cc 
a = 13.3374(10) A   alpha = 90 deg. 
b = 24.979(2) A    beta = 99.119(4) deg. 
c = 8.5046(7) A   gamma = 90 deg. 
2797.6(4) A^3 
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Z, Calculated density            
Absorption coefficient           
F(000)                           
Crystal size                     
Theta range for data collection  
Limiting indices                 
Reflections collected / unique   
Completeness to theta = 65.95    
Absorption correction            
Max. and min. transmission       
Refinement method                
Data / restraints / parameters   
Goodness-of-fit on F^2           
Final R indices [I>2sigma(I)]    
R indices (all data)             
Absolute structure parameter     
Largest diff. peak and hole      
4,  1.378 Mg/m^3 
5.182 mm^-1 
1204 
0.30 x 0.10 x 0.08 mm 
3.54 to 65.95 deg. 
-15<=h<=15, -29<=k<=29, -9<=l<=10 
11517 / 4139 [R(int) = 0.0900] 
98.8 % 
Semi-empirical from equivalents 
0.6819 and 0.3055 
Full-matrix least-squares on F^2 
4139 / 2 / 363 
0.944 
R1 = 0.0647, wR2 = 0.1460 
R1 = 0.0947, wR2 = 0.1659 
-0.004(7) 
0.319 and -0.547 e.A^-3 
 
 
Table A9. Crystal data and structure refinement for dia-7i-1-Zn. 
 
Identification code  dia-7i-1-Zn 
Empirical formula  C31H27N3O5Zn  
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Formula weight  586.93  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  Cc  
a/Å  13.4836(11)  
b/Å  24.964(2)  
c/Å  8.3985(7)  
α/°  90.00  
β/°  98.878(3)  
γ/°  90.00  
Volume/Å
3
 2793.1(4)  
Z  4  
ρcalcmg/mm
3
 1.396  
m/mm
-1
 0.924  
F(000)  1216.0  
Crystal size/mm
3
 0.4 × 0.1 × 0.08  
2Θ range for data collection  3.46 to 54.98°  
Index ranges  -17 ≤ h ≤ 17, -32 ≤ k ≤ 24, -10 ≤ l ≤ 10  
Reflections collected  9935  
Independent reflections  5811[R(int) = 0.0541]  
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Data/restraints/parameters  5811/32/363  
Goodness-of-fit on F
2
 1.020  
Final R indexes [I>=2σ (I)]  R1 = 0.0673, wR2 = 0.1409  
Final R indexes [all data]  R1 = 0.0905, wR2 = 0.1552  
Largest diff. peak/hole / e Å
-3
 0.89/-0.41  
Flack parameter 0.019(18) 
 
Table A10. Crystal data and structure refinement for dia-8i-1 
Identification code  dia-8i-1 
Empirical formula  C28H20CoN2O4 
Formula weight  507.39  
Temperature/K  293.15  
Crystal system  orthorhombic  
Space group  Aba2  
a/Å  13.1543(8)  
b/Å  21.7445(11)  
c/Å  8.6774(6)  
α/°  90.00  
β/°  90.00  
γ/°  90.00  
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Volume/Å
3
 2482.0(3)  
Z  4  
ρcalcmg/mm
3
 1.358  
m/mm
-1
 5.720  
F(000)  1044.0  
Crystal size/mm
3
 0.14 × 0.12 × 0.11  
2Θ range for data collection  8.14 to 137.88°  
Index ranges  -15 ≤ h ≤ 14, -25 ≤ k ≤ 25, -9 ≤ l ≤ 10  
Reflections collected  6781  
Independent reflections  1944[R(int) = 0.0376]  
Data/restraints/parameters  1944/1/159  
Goodness-of-fit on F
2
 1.051  
Final R indexes [I>=2σ (I)]  R1 = 0.0420, wR2 = 0.1079  
Final R indexes [all data]  R1 = 0.0503, wR2 = 0.1123  
Largest diff. peak/hole / e Å
-3
 0.46/-0.25  
Flack parameter 0.024(8) 
 
Table A11. Crystal data and structure refinement for dia-4i-3-a. 
 
Identification code  dia-4i-3-a  
Empirical formula  C48H36Co3N6O12 
  
130 
 
Formula weight  1065.62  
Temperature/K  100(2)  
Crystal system  tetragonal  
Space group  P4212  
a/Å  17.4848(8)  
b/Å  17.4848(8)  
c/Å  20.2126(9)  
α/°  90.00  
β/°  90.00  
γ/°  90.00  
Volume/Å
3
 6179.4(5)  
Z  4  
ρcalcmg/mm
3
 1.145  
m/mm
-1
 6.682  
F(000)  2172.0  
Crystal size/mm
3
 0.21 × 0.15 × 0.14  
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2Θ range for data collection  7.14 to 132.72°  
Index ranges  -20 ≤ h ≤ 19, -18 ≤ k ≤ 19, -23 ≤ l ≤ 23  
Reflections collected  31154  
Independent reflections  5361[R(int) = 0.0883]  
Data/restraints/parameters  5361/276/312  
Goodness-of-fit on F
2
 1.074  
Final R indexes [I>=2σ (I)]  R1 = 0.1231, wR2 = 0.3020  
Final R indexes [all data]  R1 = 0.1696, wR2 = 0.3268  
Largest diff. peak/hole / e Å
-3
 1.15/-0.52  
Flack parameter 0.47(3) 
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APPENDIX B: 
Crystal Engineering of a Novel Versatile 4,6-c fsc Platform with Tuned Unsaturated Metal 
Centers and Pore Functionality for Carbon Dioxide Capture 
 
Characterization 
 
Figure B1. TGA of fsc-1-NDS. 
 
  
136 
 
 
Figure B2. TGA of fsc-2-SIFSIX. 
 
 
Figure B3. TGA of fsc-2-NDS. 
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Figure B4. TGA of fsc-3-NDS. 
 
 
Figure B5. TGA of fsc-4-NDS. 
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Figure B6. TGA of fsc-5-NDS. 
 
Figure B7. Calculated and experimental Powder X-ray diffraction (PXRD) patterns for fsc-1-NDS. 
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Figure B8. Calculated and experimental Powder X-ray diffraction (PXRD) patterns for fsc-2-SIFSIX. 
 
Figure B9. Calculated and experimental Powder X-ray diffraction (PXRD) patterns for fsc-2-NDS. 
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Figure B10. Calculated and experimental Powder X-ray diffraction (PXRD) patterns for fsc-3-NDS. 
 
Figure B11. Calculated and experimental Powder X-ray diffraction (PXRD) patterns for fsc-4-NDS. 
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Figure B12. Calculated and experimental Powder X-ray diffraction (PXRD) patterns for fsc-5-NDS. 
 
Gas Sorption Properties 
Activation method: All fsc nets reported herein have been activated by the same 
procedure as follows: 
The as-synthesized crystals were exchanged with ethanol for 72 h (2 times/day) then the crystals 
in ethanol subjected to the supercritical CO2 drying. The direct activation under vacuum was 
found to diminish the surface area of fsc nets due to the partial collapse of the material. 
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Figure B13. CO2 isotherm of fsc-1-NDS measured at 195 K. 
 
 
Figure B14. CO2 isotherm of fsc-2-SIFSIX measured at 195 K. 
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Figure B15. CO2 isotherm of fsc-2-NDS measured at 195 K. 
 
Figure B16. CO2 isotherm of fsc-4-NDS measured at 195 K. 
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Figure B17. CO2 isotherm of fsc-5-NDS measured at 195 K. 
 
Calculation of Isosteric Heat of Adsorption(Qst) 
The Qst values for the fsc nets have been calculated according to virial equation using the 
fitted adsorption isotherms at 273 K and 298 K. 
 
 
Figure B18. CO2 adsorption isotherms of fsc-1-NDS at 273 K and 298 K fitted using the virial equation. 
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Figure B19. CO2 adsorption isotherms of fsc-2-SIFSIX at 273 K and 298 K fitted using the virial equation. 
 
Figure B20. CO2 adsorption isotherms of fsc-2-NDS at 273 K and 298 K fitted using the virial equation. 
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Figure B21. CO2 adsorption isotherms of fsc-5-NDS at 273 K and 298 K fitted using the virial equation. 
 
Figure B22. Reversible single-component CO2 adsorption isotherms for fsc-4-NDS. 
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Figure B23. Reversible single-component H2 adsorption isotherms for fsc-1-NDS at 77K. 
 
 
Figure B24. Reversible single-component CH4 adsorption isotherms for fsc-1-NDS at 195K. 
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Figure B25. Reversible single-component CH4 adsorption isotherms for fsc-2-NDS at 298K. 
 
 
Figure B26. Reversible single-component CH4 adsorption isotherms for fsc-2-SIFSIX at 298K. 
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Computational Methods 
Molecular simulation parameters were derived for fsc-2-SIFSIX, fsc-2-NDS, and fsc-5-
NDS in order to investigate CO2 sorption in the respective MOMs. These include 
repulsion/dispersion, permanent electrostatic, and induced dipole parameters that were modeled 
using the Lennard-Jones 12-6 potential, partial charges with Ewald summation,
1
 and Thole-
Applequist many-body polarization,
2-4
 respectively. 
For fsc-2-SIFSIX and fsc-2-NDS, all hydrogen atoms were added to the crystal 
structures where appropriate. The atomic positions in fsc-2-SIFSIX were relaxed using density 
function theory (DFT) calculations using the Vienna ab initio Simulation Package (VASP)
5
 with 
the projector augmented wave (PAW) method
6
 and Ceperley–Alder (CA) functional.7 For fsc-2-
NDS and fsc-5-NDS, optimization of the respective crystal structures using VASP were not 
feasible due to the large unit cell of the MOMs. 
A preliminary set of partial charges were determined for the chemically distinct atoms in fsc-2-
SIFSIX and fsc-2-NDS by performing electronic structure calculations on a variety of fragments 
that were taken from the crystal structure of the respective MOMs. The calculations were 
performed using the NWChem ab initio simulation package,
8
 and the CHELPG method
9,10 
was 
used to fit the charges onto the atomic centers. All C, H, N, O, F (fsc-2-SIFSIX), Si (fsc-2-
SIFSIX), and S (fsc-2) atoms were treated with the 6-31G* basis set to produce overpolarized 
charges that are appropriate for condensed phase simulation.
11
 For the Cu
2+
 ions, the 
LANL2DZ
12-14 
effective core potential basis set was used to treat the inner electrons of the many-
electron species. The preliminary set of partial charges for the chemically distinct atoms in fsc-2-
SIFSIX and fsc-2-NDS was used as an initial guess to determine the charges through periodic 
fitting of the entire crystal structure using VASP with the implementation of a restraining 
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potential. This was performed using a charge fitting code that was developed previously.
15,16
 The 
resulting charges were assigned as the point partial charge for each chemically distinct atom in 
fsc-2-SIFSIX and fsc-2-NDS, respectively. Both the final charges and the initial set can be found 
in Tables B1 and B2 for the respective MOMs. 
The partial charges for the chemically distinct atoms in fsc-5-NDS were determined 
purely through fragment analysis using the NWChem software. The calculations were performed 
using the same procedure as described above. For each chemically distinct atom, the partial 
charges were averaged between the fragments. Afterwards, the partial charges were adjusted so 
that the total charge of the framework was neutral. Note, atoms that are buried or located on the 
edges of the fragments were not included in the averaging. The final partial charges for each 
chemically distinct atom in fsc-5-NDS can be found in Tables B3. 
For repulsion/dispersion, the Lennard-Jones parameters (ε and σ) from the OPLS-AA 
force field
17
 were used for all C, H, and N atoms, whereas all O, F (fsc-2-SIFSIX), Si (fsc-2-
SIFSIX), S (fsc-2-NDS, fsc-5-NDS), and Cu atoms were treated with parameters from the 
Universal Force Field (UFF).
18
 
Many-body polarization effects were parametrized using known atomic point 
polarizabilites. The polarizabilities for all C, H, N, O, F, and S atoms were taken from van 
Duijnen et al.,
19
 while the polarizabilities for Cu
2+
 and Si
4+
 were determined in previous work
20,21
 
(Cu
2+
 = 2.19630 Å
3
; Si
4+
 = 2.13300 Å
3
) and used herein.  
Simulations of CO2 sorption in fsc-2-SIFSIX, fsc-2-NDS, and fsc-5-NDS were 
performed using grand canonical Monte Carlo (GCMC) methods
23
 within the respective MOMs. 
System cell dimensions of 2 × 2 × 4, 2 × 2 × 1, and 2 × 2 × 2 were used for fsc-2-SIFSIX, fsc-2-
NDS, and fsc-5-NDS, respectively. A spherical cut-off distance corresponding to half the 
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shortest system cell dimension length was used for the simulations. A five-site polarizable 
potential that was developed previously for CO2 was used for the simulations in this work.
24 
The 
chemical potential for CO2 was determined for a range of temperatures through the Peng-
Robinson equation of state.
25
 In GCMC, the Qst values were calculated using an expression that 
involves the fluctuations of the particle number and total potential energy.
26
 All simulations were 
performed using the Massively Parallel Monte Carlo (MPMC) code.
27
 For all state points 
considered, the simulations consisted of 5 × 10
6
 Monte Carlo steps to guarantee equilibration, 
followed by an additional 5 × 10
6
 steps to sample the desired thermodynamic properties. 
For all three fsc MOMs, the interaction between the CO2 molecules and the Cu
2+
 ions of 
the copper paddlewheels for all variants was monitored using the radial distribution functions, 
g(r). This quantity represents the probability of finding a CO2 molecule at a certain distance from 
the open-metal Cu
2+
 ion. It was calculated via the following: 
 
𝑔𝑖𝑗(𝑟) =  
〈∆𝑁𝑖𝑗(𝑟, 𝑟 + ∆𝑟)〉𝑉
4𝜋𝑟2∆𝑟𝑁𝑖𝑁𝑗
 
 
where 〈∆𝑁𝑖𝑗(𝑟, 𝑟 + ∆𝑟)〉 is the ensemble-averaged number atom j around atom i within a shell 
from r to r + Δr. 
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Figure B27. The chemically distinct atoms in fsc-2-SIFSIX defining the numbering system corresponding to Table 
B1. Atom colors: C = cyan, H = white, N = blue, O = red, F = green, Si = yellow, Cu = tan. 
                        
 
                             
 
Figure B28. The chemically distinct atoms in fsc-2-NDS defining the numbering system corresponding to Table B2. 
Atom colors: C = cyan, H = white, N = blue, O = red, S= yellow, Cu = tan. 
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Figure B29. The chemically distinct atoms in fsc-5-NDS defining the numbering system corresponding to Table B3. 
Atom colors: C = cyan, H = white, N = blue, O = red, S= yellow, Cu = tan. 
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Table B1. The preliminary set (initial guess) and final calculated partial charges (in e
−
) for the chemically distinct 
atoms in fsc-2-SIFSIX. Numerical labeling of atoms corresponds to Figure B27. 
 
Atom Label Initial Guess (e
−
) Final (e
−
) 
Cu 1 1.00000 1.01740 
Cu 2 1.00000 1.28410 
Cu 3 1.00000 1.08250 
Si 4 1.60000 1.52600 
F 5 -0.50000 -0.51740 
F 6 -0.50000 -0.54590 
N 7 -0.20000 -0.09060 
C 8 0.10000 0.09160 
C 9 0.20000 0.17310 
H 10 0.15000 0.11550 
H 11 0.15000 0.12380 
C 12 -0.40000 -0.47380 
C 13 -0.40000 -0.56110 
H 14 0.20000 0.27400 
H 15 0.20000 0.27000 
C 16 0.40000 0.36750 
C 17 -0.30000 -0.37470 
H 18 0.20000 0.28470 
C 19 -0.30000 -0.41660 
H 20 0.20000 0.25600 
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C 21 1.00000 1.04900 
O 22 -0.70000 -0.80200 
O 23 -0.70000 -0.70930 
 
Table B2. The preliminary set (initial guess) and final calculated partial charges (in e
−
) for the chemically distinct 
atoms in fsc-2-NDS. Numerical labeling of atoms corresponds to Figure B28. 
 
Atom Label Initial Guess (e
−
) Final (e
−
) 
Cu 1 1.00000 1.10480 
Cu 2 1.00000 1.16130 
O 3 -0.75000 -0.57170 
S 4 1.50000 1.67850 
O 5 -0.80000 -0.77680 
O 6 -0.80000 -0.87660 
C 7 -0.25000 -0.11130 
C 8 -0.10000 0.10400 
H 9 0.15000 0.10530 
C 10 -0.20000 -0.09590 
H 11 0.15000 0.03090 
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C 12 -0.20000 -0.32120 
H 13 0.15000 0.12460 
C 14 0.15000 0.12330 
N 15 -0.20000 -0.07530 
C 16 0.10000 0.08460 
C 17 0.10000 0.15820 
H 18 0.15000 0.05620 
H 19 0.15000 0.03680 
C 20 -0.40000 -0.44640 
C 21 -0.40000 -0.44460 
H 22 0.20000 0.16350 
H 23 0.20000 0.17370 
C 24 0.40000 0.38580 
C 25 -0.30000 -0.42740 
H 26 0.20000 0.28500 
C 27 -0.20000 -0.35360 
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H 28 0.20000 0.31810 
C 29 0.90000 0.86610 
O 30 -0.70000 -0.74290 
O 31 -0.70000 -0.59420 
N 32 -0.20000 -0.15250 
C 33 0.10000 0.03150 
C 34 0.10000 0.05230 
H 35 0.15000 0.09660 
H 36 0.15000 0.09680 
C 37 -0.40000 -0.51350 
C 38 -0.40000 -0.48680 
H 39 0.20000 0.15570 
H 40 0.20000 0.11960 
C 41 0.40000 0.45990 
C 42 -0.30000 -0.19490 
H 43 0.20000 0.24930 
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C 44 -0.20000 -0.10130 
H 45 0.20000 0.19820 
C 46 0.90000 0.77810 
O 47 -0.70000 -0.80040 
O 48 -0.70000 -0.77710 
N 49 -0.20000 -0.10570 
C 50 0.10000 0.02260 
C 51 0.10000 0.08300 
H 52 0.15000 0.19380 
H 53 0.15000 0.20600 
C 54 -0.40000 -0.44470 
C 55 -0.40000 -0.56410 
H 56 0.20000 0.16790 
H 57 0.20000 0.16920 
C 58 0.40000 0.40480 
C 59 -0.30000 -0.25950 
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H 60 0.20000 0.23930 
C 61 -0.20000 -0.26250 
H 62 0.20000 0.24450 
C 63 0.90000 1.00890 
O 64 -0.70000 -0.72090 
O 65 -0.70000 -0.73490 
 
 
Table B3. Partial charges (in e
−
) for the chemically distinct atoms in fsc-5-NDS. Numerical labeling of atoms 
corresponds to Figure B29. 
 
Atom Label q (e
−
) 
Cu 1 0.75180 
Cu 2 0.94430 
O 3 -0.74630 
S 4 1.59410 
O 5 -0.79690 
O 6 -0.78890 
C 7 -0.25300 
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C 8 -0.09010 
H 9 0.14870 
C 10 -0.17910 
H 11 0.12690 
C 12 -0.18980 
H 13 0.18580 
C 14 0.15200 
N 15 -0.16510 
C 16 0.12500 
C 17 0.13130 
H 18 0.14530 
H 19 0.14520 
C 20 -0.39280 
C 21 -0.38970 
H 22 0.19800 
H 23 0.19440 
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C 24 0.43240 
C 25 -0.34110 
H 26 -0.15890 
C 27 0.21040 
H 28 0.17640 
C 29 0.15950 
C 30 -0.23980 
C 31 -0.21660 
H 32 0.13670 
H 33 0.12460 
C 34 -0.07940 
C 35 -0.10050 
H 36 0.13050 
H 37 0.14220 
C 38 -0.08630 
C 39 0.89620 
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O 40 -0.65950 
O 41 -0.66560 
N 42 -0.31350 
C 43 0.08810 
C 44 0.22330 
H 45 0.10270 
H 46 0.07820 
C 47 -0.32460 
C 48 -0.46260 
H 49 0.16510 
H 50 0.19510 
C 51 0.49190 
C 52 -0.37740 
H 53 -0.12920 
C 54 0.18610 
H 55 0.18650 
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C 56 0.19490 
C 57 -0.26390 
C 58 -0.25560 
H 59 0.19340 
H 60 0.13850 
C 61 -0.06650 
C 62 -0.12480 
H 63 0.12980 
H 64 0.14390 
C 65 -0.08640 
C 66 0.92360 
O 67 -0.69340 
O 68 -0.67960 
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Figure B30. The normalized CO2 population with respect to sorption about the anionic pillars plotted against 
induced dipole magnitude in fsc-2-SIFSIX, fsc-2-NDS, and fsc-5-NDS. 
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Figure B31. A molecular illustration of the CO2 molecule interaction about the copper paddlewheels in fsc-2-NDS. 
The long distance between adjacent paddlewheels causes one CO2 molecule to sorb to each paddlewheel. Atom 
colors: C = cyan, H = white, N = blue, O = red, Cu = tan. 
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Figure B32. A molecular illustration of the CO2 molecule interaction about the copper paddlewheels in fsc-5-NDS. 
The long distance between adjacent paddlewheels causes one CO2 molecule to sorb to each paddlewheel. Atom 
colors: C = cyan, H = white, N = blue, O = red, Cu = tan. 
 
 
Figure B33. A molecular illustration of the CO2 molecule interaction about the SiF6
2-
 pillars in fsc-2-SIFSIX. Atom 
colors: C = cyan, H = white, N = blue, O = red, F = green, Si = yellow, Cu = tan. 
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Figure B34. A molecular illustration of the CO2 molecule interaction about the NDS pillars in fsc-2-NDS. Atom 
colors: C = cyan, H = white, N = blue, O = red, S = yellow, Cu = tan. 
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Figure 35. A molecular illustration of the CO2 molecule interaction about the NDS pillars in fsc-5-NDS. Atom 
colors: C = cyan, H = white, N = blue, O = red, S = yellow, Cu = tan. 
 
 
Figure B36. Experimental and simulated isosteric heat of adsorption for fsc-1-NDS as function of the amount of 
CO2 adsorbed. 
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Figure B37. Experimental and simulated isosteric heat of adsorption for fsc-2-SIFSIX as function of the amount of 
CO2 adsorbed. 
 
 
Figure B38. Experimental and simulated isosteric heat of adsorption for fsc-2-NDS as function of the amount of 
CO2 adsorbed. 
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Figure B39. Experimental and simulated isosteric heat of adsorption for fsc-5-NDS as function of the amount of 
CO2 adsorbed 
 
 
 
Scheme B1. Schematic representation of the effect of the pillar substitution on tuning of the UMCs 
  
171 
 
 
Scheme B2.Schematic representation show the primary and secondary binding sites in fsc-2-SIFSIX and their effect 
on the CO2 Qst value. Comparison between the experimental and stimulated CO2 Qst of fsc-2-SIFSIX. 
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Scheme B3. Schematic representation show the primary and secondary binding sites in fsc-2-NDS and their effect 
on the CO2 Qst value. Comparison between the experimental and stimulated CO2 Qst of fsc-2-NDS. 
 
Ideal Adsorbed Solution Theory (IAST) 
Ideal adsorbed solution theory, developed by Myers and Prausnitz,
 28
 was used to 
estimate the selectivities of CO2/N2 (10:90) and CO2/CH4 (50:50) mixture compositions in fsc-2-
SIFSIX and fsc-2-NDS from their respective single-component isotherms. The isotherms were 
fitted to the dual-site Langmuir-Freundlich equation:
29
 
 
𝑛 =
𝑛𝑚1𝑏1𝑃
(
1
𝑡1
)
1 + 𝑏1𝑃
(
1
𝑡1
)
+
𝑛𝑚2𝑏2𝑃
(
1
𝑡2
)
1 +  𝑏2𝑃
(
1
𝑡2
)
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Here, n is the amount adsorbed per mass of adsorbent (in mol/kg), P is the total pressure (in kPa) 
of the bulk gas at equilibrium with the adsorbed phase, nm1 and nm2 are the saturation uptakes (in 
mol/kg) for sites 1 and 2, b1 and b2 are the affinity coefficients (in kPa
-1
) for sites 1 and 2, and t1 
and t2 represent the deviations from the ideal homogeneous surface for sites 1 and 2. The 
parameters that were obtained from the fitting for both MOFs are found in Table B4. All 
isotherms were fitted with R
2
 > 0.9999.  
The fitted parameters were then used to predict multi-component adsorption. The mole 
fraction of each species in the adsorbed phase can be calculated by solving the expression: 
 
∫
𝑛𝑖(𝑃)
𝑃
𝑃𝑦𝑖
𝑥𝑖
0
𝑑𝑃 = ∫
𝑛𝑗(𝑃)
𝑃
𝑑𝑃
𝑃𝑦𝑗
𝑥𝑗
0
 
 
where xi and yi are the adsorbed and bulk phase mole fractions of component i, respectively. 
In order to solve for xi, two quantities must be specified, specifically P and yi. The 
quantity 
xi was determined using numerical analysis and root exploration. The selectivity for component i 
relative to component j can be calculated via the following: 
 
𝑆𝑖/𝑗 =
𝑥𝑖
𝑥𝑗
𝑦𝑗
𝑦𝑖
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Table B4: The fitted parameters for the dual-site Langmuir-Freundlich equation for the single-component isotherms 
of CO2, N2, and CH4 in fsc-2-SIFSIX and fsc-2-NDS at 298 K. 
 
 fsc-2-SIFSIX fsc-2 
 CO2 N2 CH4 CO2 N2 CH4 
nm1 
(mol/kg) 
3.86037387
10455 
0.40719754
11893 
0.5667385696
12 
4.201336691
6200 
0.3978824753
729 
0.43421067795
13 
nm2 
(mol/kg) 
3.86037387
05843 
1.79074445
57066 
0.5667385629
88 
4.201336445
1172 
1.4580798890
414 
1.59435195945
49 
b1  
(kPa
-1
) 
0.02463035
55243 
0.00326243
29599 
 
0.0075500471
42 
0.008599865
6257 
 
0.0024441849
410 
0.01072474610
451 
 
b2  
(kPa
-1
) 
0.02463035
55253 
0.00196557
41000 
 
0.0075500471
56 
0.008.599865
4993 
 
0.003.0215831
241 
 
0.00026452658
861 
 
t1 1.43276236
75314 
 
0.81687661
84794 
0.8716925780
31 
1.213690966
1207 
 
0.7573016000
633 
 
0.81930867326
38 
 
t2 1.43276236
74173 
3.79842194
44894 
0.8716925760
13 
 
1.213691047
8699 
 
1.8328095051
124 
 
0.65633629765
19 
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Figure B40: IAST calculated selectivity for a 10:90 CO2: N2 mixture based upon experimentally observed 
adsorption isotherms of the pure gases for fsc-1-NDS and fsc-2-NDS. 
 
 
Figure B41: IAST calculated selectivity for a 50:50 CO2: CH4 mixture based upon the experimentally observed 
adsorption isotherms of the pure gases for fsc-2-SIFSIX and fsc-2-NDS. 
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Figure B42: IAST calculated selectivity for a 10:90 CO2: N2 mixture based upon experimentally observed 
adsorption isotherms of the pure gases for fsc-2-SIFSIX and fsc-2-NDS. 
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APPENDIX C: 
Two-Step Crystal Engineering Using Trigonal Prism, [Cr3(µ3-O)(RCO2)6], and Novel Cu-
Cluster, [Cu3(µ3-Cl)(RNH2)6Cl6], as Molecular Building Blocks  
 
Characterization 
Materials and Methods: All starting materials were purchased in high purity grade and 
used as purchased without further purification. Solvents were purified according to standard 
methods and stored in the presence of molecular sieves. Thermogravimetric analysis (TGA) was 
performed under nitrogen on a TA Instrument TGA 2950 Hi-Res. X-ray powder diffraction 
(XPD) data were recorded on a Bruker D8 Advance X-ray diffractometer at 20 kV, 5 mA for 
CukR (λ = 1.5418 Å), with a scan speed of 0.5 s/step (6°/min) and a step size of 0.05° in 2θ at 
room temperature. The simulated XPD patterns were produced using Powder Cell for Windows 
Version 2.4 (programmed by W. Kraus and G. Nolze, BAM Berlin, 2000). The variable 
temperature X-ray powder diffraction (XPD) data were recorded on PANalytical X`PERT 
powder diffractometer (45 kV/ 40 mA, CuK α, λ = 1.5406Å) equipped. Gas adsorption was 
measured on the Micrometrics ASAP 2020 Surface Area and Porosity Analyzer. 
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Synthesis of the Nitrate Salt of tp-PMBB-5 
In a typical procedure, Cr(NO3)3 · 9 H2O (0.400 g, 1.00 mmol) was dissolved in MeOH 
(15 mL) and refluxed for 10 minutes. Then m-aminobenzoic acid (0.274 g, 2.00 mmol) was 
added and reflux was continued for 3 hours. After cooling to room temperature, the solvent was 
removed in vacuo (yield: 0.674 g, 100%). The as-isolated crude product was used to conduct 
synthesis of network structures based upon tp-PMBB-5.  
 
Synthesis of the Nitrate Salt of tp-PMBB-6 
Cr(NO3)3 · 9 H2O (0.400 g, 1.00 mmol) was dissolved in MeOH (15 mL) and refluxed for 
10 minutes. Then p-aminobenzoic acid (0.274 g, 2.00 mmol) was added and reflux was 
continued for 3 hours. After cooling to room temperature, the solvent was removed in vacuo 
(yield: 0.674 g, 100%). (yield: 0.674 g, 100%) . A single crystal has been harvested by a 
diffusion of chloroform to a methanolic solution of tp-PMBB-6. 
 
Synthesis of tp-PMBB-5-acs-1 
2ml DMF solution of tp-PMBB-5 (0.06 mmol, 0.0690 g)  onto which was carefully layered 2ml 
of 2:1 MeCN/DMF solution containing CuCl2 · 2 H2O (0.06 mmol, 0.011 g) green rode-like 
crystals had formed after 2 weeks (yield 53% based on CuCl2). 
 
Synthesis of tp-PMBB-6-stp-1 
CuCl2 · 2 H2O (0.0400 mmol, 0.00700 g) were dissolved in 2ml of a 2:1 THF/MeOH mixture 
onto which was carefully layered 2ml of a methanol solution containing tp-PMBB-6 
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(0.0600 mmol, 0.0690g), dark green black rode-like crystals had formed after 1day. (yield 75% 
0.156g based on CuCl2). 
tp-PMBB-6-stp-1 has low thermal stability (stable up to 108 
o
c) therefore the activation of the 
crystals have been conducted using supercritical CO2 drying. 
 
 
Figure C1.  IR spectra of tp-PMBB-5. 
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Figure C2.  IR spectra of tp-PMBB-6. 
 
 
Figure C3. IR spectra of tp-PMBB-5-acs-1. 
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Figure C4. IR spectra of tp-PMBB-6-stp-1. 
 
 
Figure C5. TGA plot of solvent-exchanged tp-PMBB-5-acs-1 is showing 12.7% weight lose up to 100 
o
c 
corresponding to the solvent while the material is stable up to 165 
o
c  as proved as well by variable temperature 
PXRD.   
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Figure C6 TGA plot of tp-PMBB-6-stp-1 shows that the material is stable up to 108 
o
c
 
and then decomposed. 
 
 
Figure C7. Experimental and calculated PXRD patterns of tp-PMBB-5-acs-1. 
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Figure C8. Experimental and calculated PXRD pattern of tp-PMBB-6-stp-1. 
 
Gas sorption properties 
 
 
Figure C9. CO2 isotherm at 195 K of tp-PMBB-5-acs-1. 
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Figure C10. CO2 and CH4 adsorption isotherms of tp-PMBB-5-acs-1 at 273 K and 298 K. 
 
 
Figure C11. Fitted CO2 adsorption isotherms of tp-PMBB-5-acs-1. 
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Figure C12 Hydrogen adsorption isotherm of tp-PMBB-5-acs-1 at 77K. 
 
 
Figure C13.  N2 isotherm at 77 K of tp-PMBB-6-stp-1. 
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Figure C14. CO2 adsorption isotherms at 273 K and 298 K and CH4 adsorption isotherm at 298 K of tp-PMBB-6-
stp-1. 
 
 
Figure C15. Fitted CO2 adsorption isotherms of tp-PMBB-6-stp-1. 
  
189 
 
 
Figure C16. Hydrogen adsorption isotherm of tp-PMBB-6-stp-1 at 77K. 
 
 
Figure C17. Isosteric heat of adsorption (Qst) for carbon dioxide exhibited by tp-PMBB-6-stp-1 and tp-PMBB-5-
acs-1, calculated using the adsorption isotherms at 298 K and 273 K. 
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Figure C18. PXRD patterns of tp-PMBB-5-acs-1 in different solvents. 
 
 
Figure C19. The three different cages in tp-PMBB-5-acs-1 net in 001 direction. 
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Table C1. Summary of acs nets with respect to the observed swelling amplitude and BET surface area (
a
Langmuir 
S.A).  
 
Net %Swelling amplitude BET SA (m²/g) Ref. 
Sc-bdc N/A 634 30 
Sc-dobdc N/A 0 31 
MOF-235 0 0 12 
MOF-236 0 0 12 
PCN-19 N/A 723 32 
MIL-88-B(4H) 136 8 24 
MIL-88-B(Cl) 117 19 24 
MIL-88-B(Br) 94 < 1 24 
MIL-88-B(NH2) 132 14 
24
 
MIL-88-B(NO2) 63 15 
24
 
MIL-88-B(CH3) 97 80 
24
 
MIL-88-B(2CH3) 97 60 
24
 
MIL-88-B(2OH) 92 3 24 
MIL-88-B(4F) 54 35 24 
MIL-88-B(2CF3) 49 330 
24
 
MIL-88-B(4CH3) 25 1220 
24
 
MIL-88-D(4CH3) 105 210 
24
 
MIL-88-D(2CH3) 228 29 
24
 
MIL-88-D(4H) 237 N/A 24 
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MIL-88-D(2CF3) N/A 330 24 
MCF-18(L,M) 75-125 224a 23 
tp-PMBB-5-acs-1 0 710 this 
work 
 
X-ray Crystallography 
Single-Crystal X-Ray Diffraction for tp-PMBB-6: The X-ray diffraction data were collected 
using Bruker-AXS SMART-APEXII CCD diffractometer or on Bruker D8 Venture PHOTON 
100 CMOS system equipped with a CuKα INCOATEC ImuS micro-focus source (λ = 1.54178 
Å). Indexing was performed using APEX2
1 
(Difference Vectors method). Data integration and 
reduction were performed using SaintPlus 6.01
2
. Absorption correction was performed by multi-
scan method implemented in SADABS
3
. Space groups were determined using XPREP 
implemented in APEX2
1
. The structure was solved using SHELXS-97 (direct methods) or using 
Apex2’s Intrinsic Phasing and refined using WinGX v1.70.014-7  and SHELXL-97 (full-matrix 
least-squares on F
2
) contained in OLEX2
8
 programs.  
tp-PMBB-6: All non-hydrogen atoms forming Cr-trimer have been refined anisotropically. 
Heavily disordered nitrate / solvent have been refined isotropically and, in some cases, with 
restraints. Hydrogen atoms of –CH, -CH3 groups were placed in geometrically calculated 
positions and included in the refinement process using riding model with isotropic thermal 
parameters: Uiso(H) = 1.2(1.5)Ueq[-CH(-CH3)]. The structure contains Solvent Accessible 
VOIDS of 120 A^3 possibly containing disordered nitrate anions. Crystal was a twin and has 
been refined using HKL5 type file generated using {-1 0 0 1 1 0 0 0 -1 matrix = 180 rotation 
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about [120] direct lattice direction, BASF = 0.353(3)}. Crystal data and details of structure 
refinement are shown in Table C2.  
 
Table C2. Crystal data and structure refinement for compound tp-PMBB-6. 
 
Identification code  tp-PMBB-6 
Empirical formula  C53.25H44Cl9Cr3N10.5O44.916667  
Formula weight  2024.71  
Temperature/K  99.99  
Crystal system  trigonal  
Space group  R3m  
a/Å  15.2032(6)  
b/Å  15.2032(6)  
c/Å  46.090(2)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å
3
  9225.8(7)  
Z  3  
ρcalcmg/mm
3
  1.093  
m/mm
-1
  4.564  
F(000)  3064.0  
Crystal size/mm
3
  0.31 × 0.28 × 0.26  
  
194 
 
2Θ range for data collection  7.74 to 131.76°  
Index ranges  -18 ≤ h ≤ 18, -17 ≤ k ≤ 18, -53 ≤ l ≤ 51  
Reflections collected  14040  
Independent reflections  14040[R(int) = 0.0000]  
Data/restraints/parameters  14040/21/258  
Goodness-of-fit on F
2
  1.061  
Final R indexes [I>=2σ (I)]  R1 = 0.1109, wR2 = 0.2833  
Final R indexes [all data]  R1 = 0.1374, wR2 = 0.3143  
Largest diff. peak/hole / e Å
-3
  0.99/-0.72  
Flack parameter 0.073(12) 
 
Single-Crystal X-Ray Diffraction for tp-PMBB-5-acs-1: The X-ray diffraction data were 
collected using Bruker-AXS SMART-APEXII CCD diffractometer using CuKα (λ = 1.54178 Å). 
Indexing was performed using APEX2
1
 (Difference Vectors method). Data integration and 
reduction were performed using SaintPlus 6.01
2
. Absorption correction was performed by multi-
scan method implemented in SADABS
3
. Space groups were determined using XPREP 
implemented in APEX2
1
. The structure was solved using SHELXS-97 (direct methods) and 
refined using SHELXL-97 (full-matrix least-squares on F
2
) contained in APEX2
1
 and WinGX. 
All non-H atoms were found in the difference Fourier map and refined anisotropically. The lack 
of high angle diffraction data can be attributed to the presence of disordered solvent in structural 
cavities. The C,N,O atom have been refined using geometry restraints / constraints (DFIX, AFIX 
66). Restraints were also used to refine the anisotropic displacement parameters (SIMU). 
Hydrogen atoms were placed in geometrically calculated positions and included in the 
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refinement process using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH, 
-NH2). The contribution of disordered solvent molecules was treated as diffuse using Squeeze 
procedure implemented in Platon program
9,10
. Crystal data and refinement conditions are shown 
in Table C3.  
Table C3. Crystal data and structure refinement for compound tp-PMBB-5-acs-1. 
 
Identification code             
Empirical formula               
Formula weight                  
Temperature                     
Wavelength                      
Crystal system, space group     
Unit cell dimensions            
                                
                                
Volume                          
Z, Calculated density           
Absorption coefficient          
F(000)                          
Crystal size                    
Theta range for data collection 
Limiting indices                
Reflections collected / unique  
tp-PMBB-5-acs-1 
C42 H36 Cl7 Cr3 Cu3 N6 O16 
1475.54 
228(2) K 
1.54178 A 
Hexagonal,  P-6c2 
a = 13.469(12) A   alpha = 90 deg. 
b = 13.469(12) A    beta = 90 deg. 
c = 27.51(2) A   gamma = 120 deg. 
4323(6) A^3 
2,  1.134 Mg/m^3 
6.185 mm^-1 
1472 
0.10 x 0.08 x 0.07 mm 
3.79 to 38.97 deg. 
-8<=h<=10, -8<=k<=4, -22<=l<=8 
2324 / 794 [R(int) = 0.0759] 
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Completeness to theta = 38.97   
Absorption correction           
Max. and min. transmission      
Refinement method               
Data / restraints / parameters  
Goodness-of-fit on F^2          
Final R indices [I>2sigma(I)]   
R indices (all data)            
Absolute structure parameter    
Largest diff. peak and hole     
97.9 % 
Semi-empirical from equivalents 
0.6713 and 0.5767 
Full-matrix least-squares on F^2 
794 / 63 / 109 
0.946 
R1 = 0.0449, wR2 = 0.0887 
R1 = 0.0599, wR2 = 0.0936 
0.10(2) 
0.168 and -0.196 e.A^-3 
 
Single-Crystal X-Ray Diffraction for tp-PMBB-6-stp-1: The X-ray diffraction data were 
collected using synchrotron radiation, λ = 0.40663 Å, at Advanced Photon Source, Chicago Il. 
Indexing was performed using APEX2 
1 
(Difference Vectors method). Data integration and 
reduction were performed using SaintPlus 6.01
2
. Absorption correction was performed by multi-
scan method implemented in SADABS
3
. Space groups were determined using XPREP 
implemented in APEX2 
1
. The structure was solved using SHELXS-97 (direct methods) and 
refined using SHELXL-97 (full-matrix least-squares on F
2
) contained in APEX2
1
 and WinGX 
v1.70.01
4-7 
programs packages. Despite of using synchrotron source and trying several crystals 
from different batches, the diffraction spots were observed only up to 1.45 Å resolution. This can 
be attributed to the presence of the ligand / solvent disorder. All non-H atoms were found in the 
difference Fourier map but due to the low resolution they have been refined using geometry 
restraints. Restraints were also used to refine the anisotropic displacement parameters of C,N,O 
  
197 
 
atoms. Atoms C12, C13, C14 and N15 of 4-aminobenzoate moiety have been refined 
isotropically and show much larger thermal ellipsoids than other atoms due to disorder (NH2 
group is involved in hydrogen bond only). Low resolution of data did not allow for more precise 
modeling of disorder. Hydrogen atoms were placed in geometrically calculated positions and 
included in the refinement process using riding model with isotropic thermal parameters: 
Uiso(H) = 1.2Ueq(-CH,-NH,-NH2). The contribution of heavily disordered solvent molecules 
was treated as diffuse using Squeeze procedure implemented in Platon program
9,10
. Crystal data 
and refinement conditions are shown in Table C4.  
Table C4. Crystal data and structure refinement for compound tp-PMBB-6-stp-1 
 
Identification code              
Empirical formula                
Formula weight                   
Temperature                      
Wavelength                       
Crystal system, space group      
Unit cell dimensions             
                                 
                                 
Volume                           
Z, Calculated density            
Absorption coefficient           
F(000)                           
tp-PMBB-6-stp-1 
C126 H108 Cl14 Cr9 Cu6 N18 O70 
4339.84 
100(2) K 
0.40663 A 
Hexagonal,  P63/mcm 
a = 29.72(2) A   alpha = 90 deg. 
b = 29.72(2) A    beta = 90 deg. 
c = 26.388(18) A   gamma = 120 deg. 
20192(24) A^3 
2,  0.714 Mg/m^3 
0.128 mm^-1 
4356 
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Crystal size                     
Theta range for data collection  
Limiting indices                 
Reflections collected / unique   
Completeness to theta = 8.06     
Absorption correction            
Max. and min. transmission       
Refinement method                
Data / restraints / parameters   
Goodness-of-fit on F^2           
Final R indices [I>2sigma(I)]    
R indices (all data)             
Largest diff. peak and hole      
0.10 x 0.10 x 0.02 mm 
0.91 to 8.06 deg. 
-19<=h<=20, -20<=k<=20, -17<=l<=17 
7178 / 1228 [R(int) = 0.1506] 
95.6 % 
Semi-empirical from equivalents 
0.9975 and 0.9874 
Full-matrix least-squares on F^2 
1228 / 136 / 175 
1.138 
R1 = 0.0953, wR2 = 0.2341 
R1 = 0.1351, wR2 = 0.2491 
0.325 and -0.336 e.A^-3 
 
Table C5. CCDC numbers of the three deposited cif files. 
 
Compound Name tp-PMBB-6-stp-1 tp-PMBB-6 tp-PMBB-5-acs-1 
CCDC Number 943023 943024 943025 
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